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Abstract 
 
TIMOTHY G. OTTEN: Ecophysiology and toxigenicity of cyanobacterial assemblages: 
Molecular insights into toxin production – with emphasis on microcystins 
(Under the direction of Hans W. Paerl) 
 
Cyanobacterial harmful algal blooms (CHABs) are occurring at increasing 
frequencies worldwide due to nutrient over-enrichment, warmer temperatures and 
continued alteration of the natural hydrology of aquatic ecosystems.  In drinking water 
reservoirs the nearly ubiquitous toxin-producer, Microcystis spp., is an increasingly 
worrisome water quality problem and health hazard.  China‟s third largest lake, Taihu, 
has been experiencing progressively worse cyanobacterial blooms over the past three 
decades.  Whole lake monitoring was conducted in 2009 – 2010, in order to characterize 
the phytoplankton communities and their cyanotoxic potentials; as well as to identify the 
environmental factors promoting toxigenic Microcystis blooms over nontoxic ecotypes.  
Taking this concept one step further; this research also investigated the role of 
transposable elements in shaping the distribution of the microcystin synthetase (mcy) 
operon throughout the genus Microcystis.  Microcystins are potent hepatotoxins that are 
also believed to be involved in intracellular stress response.  A possible alternative stress 
response mechanism employed by non-microcystin producing strains is discussed. 
This work identified four Microcystis morphospecies comprising the summer 
blooms in Taihu, two of which (M. aeruginosa and M. flos-aquae) were capable of 
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microcystin production.  Water temperature was found to influence bloom formation and 
morphospecies prevalence, with cooler temperatures promoting toxin producing strains of 
Microcystis.  Additionally, low nitrogen (N) to phosphorus (P) ratios (replete N & P) 
appeared to select for toxigenic populations of Microcystis spp., whereas nontoxic strains 
were dominant in nutrient limited regions of the lake.  Chlorophyll a (Adj. R
2
 = 0.83, p < 
0.0001) was equally predicative of microcystin variance across the lake as fluorescence 
based real-time quantitative PCR (QPCR) measurements of microcystin synthetase gene 
equivalents (Adj. R
2
 = 0.85, p < 0.0001).  Overall, the lake wide composition of 
Microcystis spp. was highly variable over time and space, and on average consisted of 36 
± 12% potentially toxic cells.  The possibility that nutrient reduction strategies in Taihu 
may shift the cyanobacterial community toward toxigenic diazotrophic (N2-fixing) genera 
is discussed.  Based on this study‟s findings, a framework for the design and 
implementation of a water safety plan for Taihu water quality managers and public health 
officials was proposed. 
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Chapter 1: 
Introduction and Background 
 
Cyanobacteria, commonly referred to as “blue-green algae,” comprise a phylum 
of bacteria of diverse form and function.  These prokaryotes are believed to be the first 
oxygenic photosynthetic bacteria and are credited with oxygenating the earth‟s 
atmosphere in a process estimated to have begun approximately 2.7 billion years ago 
(Rasmussen et al., 2008).  The Cyanophyceae have gram negative cell walls, reproduce 
asexually and appear morphologically as unicellular or filamentous cells and/or colony 
aggregates.  Some genera, broadly designated diazotrophs, contain specialized membrane 
bound cells (heterocysts) which serve as a barrier against oxygen and contain an ATP-
dependent enzyme complex (nitrogenase and nitrogenase reductase) that converts inert 
atmospheric nitrogen gas (N2) into physiologically utilizable forms of nitrogen (Fay, 
1992).  Due to the energetic cost of this process, N2-fixation is only induced when the 
aquatic environment becomes nitrogen limited.  Water bodies experiencing blooms of N2-
fixing cyanobacteria tend to contain an overabundance of phosphorus (P) relative to N 
(Smith, 1983).  However, anthropogenic nutrient pollution (e.g., fertilizer runoff, 
industrial pollution, sewage discharge, etc.) usually leads to excess N and P in aquatic 
ecosystems, which is one reason why the phytoplankton community in many eutrophic 
lakes is dominated by non-diazotrophic cyanobacteria such as Microcystis spp.; one of 
the most ubiquitous freshwater cyanobacteria harmful algal bloom (CHAB) forming 
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genera worldwide (Straub et al., 2011).  For reference, a bloom is loosely defined as a 
visual discoloration of the water.   
Cyanobacteria also contain a variety of enzyme complexes known as 
nonribosomal peptide synthetases (NRPS) which are responsible for the synthesis of 
myriad secondary metabolites that while not essential for cell function, may provide 
ancillary benefits such as antibiotic resistance, defense from herbivory, cell signaling or 
other unknown functions (Carmichael 1992; Rastogi and Sinha, 2009; Kaplan et al., 
2012).  Considering that cyanobacteria are estimated to have first appeared long before 
metazoan predators such as zooplankton grazers evolved (Rantala et al., 2004), the 
toxicity of these compounds is ostensibly an unfortunate coincidence for eukaryotic 
organisms (Schatz et al., 2007).  However, this does not negate the public health onus for 
water quality managers to address the presence of these toxic metabolites in rivers, lakes 
and reservoirs used for drinking and recreating.   
Most countries around the world, including the United States, have yet to mandate 
cyanotoxin monitoring regulations.  As such, the morbidity and mortality associated with 
ingestion of these compounds is poorly understood due to the lack of surveillance.  Only 
the most extreme cases of acute toxicoses have been definitively traced back to CHAB 
contaminated drinking water reservoirs.  In 1996, in a renal dialysis clinic in Caruaru, 
Brazil 100 people developed acute liver failure and at least 52 died after water from a 
nearby reservoir containing microcystin producing cyanobacteria was mistakenly 
administered during their routine treatments (Jochimsen et al., 1998; Azevedo et al., 
2002).  In 1979 in Queensland, Australia 148 people were hospitalized with 
gastrointestinal symptoms following ingestion of water from a local lake containing 
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cylindrospermopsin producing cyanobacteria that had recently been treated with the 
algicide copper sulphate (Bourke et al., 1983; Griffiths and Saker, 2003).   
Fortunately, standard water treatment processes, particularly coagulation with 
dissolved air flotation and to a lesser extent coagulation and sedimentation, that are used 
to remove bulk organic material from raw waters have the potential to greatly reduce the 
cyanotoxin risk because the majority of these compounds are localized within the cell 
(Svrcek and Smith, 2004; Daly et al., 2007; Teixeira and Rosa, 2007).  Additionally, 
disinfection agents can achieve sizable reductions in dissolved (extracellular) toxins, 
although this is largely dependent on the concentration of the disinfectant, contact time, 
temperature and pH (Rodríguez et al., 2007; Ma et al., 2012).  For these reasons, animals 
such as dogs and livestock are often unintentional sentinels for the presence of toxic 
cyanobacteria since they are more likely to drink contaminated water directly from the 
source (Carmichael, 1997).  There has also been at least one documented case of marine 
mammal (sea otters) poisoning by freshwater cyanotoxins present in an inland lake that 
were transported downriver and into a bay where they were bioaccumulated within 
shellfishes and subsequently eaten by the otters (Miller et al., 2010).   
Although case control studies are more likely to identify the sources of disease 
under acute intoxication scenarios, it is much more difficult to deduce the health effects 
from prolonged exposure to low concentrations of cyanotoxins.  For instance, the most 
prevalent cyanobacterial toxin worldwide, microcystin, is capable of inducing liver 
hemorrhage and death within a period of hours to days; whereas chronic exposure to 
lower doses has been implicated in the formation of tumors and liver cancer by several 
epidemiology studies (Nishiwaki-Matsushima et al., 1992; Falconer and Humpage, 1996; 
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Fujiki and Suganuma, 2011; Li et al., 2011).  In this vain, the World Health Organization 
has developed provisional guidelines for drinking water safety and recommends 
microcystin-LR (MC-LR) concentrations of less than 1 µg l
-1
 in finished drinking waters, 
although some epidemiology studies have suggested an advisory level below 0.01 µg l-1 
(Chorus and Bartram, 1999; Ueno et al., 1996).  Since water quality monitoring programs 
generally exclude direct measurements of cyanotoxins, the frequency and extent that 
finished drinking waters worldwide contain exceedances of these compounds remains 
unknown; as does the public health impact. 
In an attempt to characterize and quantify the public health risk of cyanotoxins in 
an important drinking water reservoir for millions of people, a multi-year study was 
initiated in CHAB plagued hypertrophic Lake Taihu, China.  Taihu, or “Great Lake” in 
Mandarin, has historically been renowned throughout the country for its idyllic beauty.  
However, years of population expansion, industrial pollution and intensive agriculture 
within the watershed has accelerated eutrophication of the lake, which has culminated in 
the annual formation of dense Microcystis spp. blooms.  At the onset of this study, little 
was known about these blooms other than that they were predominantly comprised of 
Microcystis and tended to occur in the spring and persist into the fall.  This research was 
among the first to specifically address cyanobacterial toxins in the lake; and it was 
framed in a risk management context with the specific goals being: 1) to genetically 
characterize the hazard (cyanobacterial community) and the environmental factors 
promoting toxigenic over nontoxic blooms; 2) to quantify the human health risk of the 
cyanotoxins present and their concentrations over time and space; and 3) to develop a 
cost-effective drinking water monitoring program and recommendations of how to 
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implement such a program.  The results of this study are summarized as follows: Chapter 
2 identifies and characterizes the cyanobacterial hazards in Lake Taihu; Chapter 3 
quantifies the toxin risk of the Microcystis assemblages within the lake and offers 
specific recommendations for water quality managers to develop a water safety plan; and 
Chapter 4 discusses how nutrient reduction strategies may shift the cyanobacterial 
community toward diazotrophic genera and investigates their potential toxicity and public 
health impact relative to the current situation of Microcystis spp. dominance in Taihu. 
One of the challenges facing water quality managers responding to CHAB events 
is that the genes involved in toxin-production are disparately spread across the entire 
phylum, with no single genus or species comprised of strains uniformly toxic or nontoxic 
(Via-Odorika et al., 2004; Rantala and Christiansen, 2009).  As a result, simple metrics 
such as microscopic identification and cell counts are inadequate in predicting 
toxigenicity and their associated human health risks.  In fact, the microcystin synthetase 
(mcy) genes are so broadly distributed, even being found in some terrestrial genera, that 
this implies all modern cyanobacteria have descended from a common, microcystin-
producing ancestor (Rantala et al., 2004; Oksanen et al., 2004).  Phylogenetic analyses 
support this hypothesis and indicate that the mcy operon is undergoing purifying selection 
(Tanabe et al., 2004; Kurmayer and Gumpenberger, 2006; Christiansen et al., 2008; 
Fewer et al., 2011), although some genera such as Microcystis, Anabaena and 
Planktothrix are more likely to retain these genes than other genera.  This may indicate 
that the life strategy employed by a given strain (e.g., pelagic versus benthic or colonial 
versus unicellular) may have helped to shape the mcy gene distribution present today.  In 
Microcystis spp., the mcy gene cluster spans 10 genes (mcyABC and mcyDEFGHIJ) and 
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shares a bi-directional promoter (Tillett et al., 2000).  The intergenic regions immediately 
flanking the mcy cassette appear to be “hot spots” for recombination as numerous mobile 
genetic elements (i.e., transposases and insertion sequence (IS) elements) have been 
previously identified here (Tooming-Kluderud et al., 2008).  The final component of this 
dissertation, summarized in Chapter 5, was an investigation of the mcy gene loss or 
acquisition processes shaping the mosaic distribution of these genes, which was 
accomplished by amplifying the entire mcy cassette and flanking regions using a series of 
long PCR assays and shotgun cloning interesting features from both toxic and nontoxic 
strains.  The goals of this study were: 1) to determine if the mcy operon‟s location on the 
chromosome is static; 2) to identify any genetic remnants within or flanking the mcy 
cassette which may explain how it had been acquired or lost; and 3) to investigate if mcy 
gene loss is an “all-or-nothing” process or if partial mcy containing Microcystis spp. 
strains exist. 
Ultimately, in order to better understand how the patchy distribution of mcy 
possessing cyanobacterial strains came to be in natural populations, one first needs to 
know what the likely physiological functions of these metabolites are.  A growing body 
of evidence suggests that the primary function of microcystins pertains to stress response.  
Microcystin biosynthesis is upregulated during nutrient (Fe and N) starvation, under high 
UV irradiance and in the presence of free oxygen radicals such as hydrogen peroxide 
(H2O2) (Alexova et al., 2011; Ginn et al., 2010; Dziallas and Grossart, 2011; Zilliges et 
al., 2011).  Considering that all of these are broad types of environmental stressors, the 
question arises: how are nontoxic ecotypes able to coexist under these same scenarios?  A 
possible alternative stress response mechanism for nontoxic Microcystis strains was 
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identified while screening cyanobacteria cultures for the presence of mobile genetic 
elements.  During this process, a type II toxin-antitoxin (TA) loci homologous to relBE in 
E. coli was identified in 11/15 nontoxic Microcystis strains but in only 1/13 microcystin 
producers.  These TA genes have been studied in other prokaryotes and are known to 
encode for a toxic peptide that is activated during cell starvation which leads to a global 
shutdown of protein translation due to nonspecific cleavage of mRNAs entering the 
ribosomal A site of the ribosome (Christensen et al., 2001; Christensen and Gerdes, 2003; 
Gerdes et al., 2005).  The possibility that these and similar TA loci may serve similar 
functions in nontoxic strains as microcystins do in toxic strains, as well as the implication 
that toxic strains possessing both systems may undergo expedited mcy gene loss due to its 
cheaper metabolic cost and genome streamlining is discussed in Chapter 5.  
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Chapter 2: 
Phylogenetic inference of colony isolates comprising seasonal Microcystis blooms in 
Lake Taihu, China
1
 
 
Introduction 
On a global scale, human-induced eutrophication is a threat to the use and 
sustainability of aquatic ecosystems. Cyanobacterial harmful algal blooms (CHABs) are 
occurring at increasing frequencies worldwide due to nutrient over-enrichment and rising 
water temperatures (Paerl et al., 2001; Paerl and Huisman, 2008; Paerl et al., 2011).  
Under these conditions cyanobacteria can proliferate to form dense blooms which foul 
water bodies, impact food webs and create large hypoxic zones leading to fish kills and 
other ecological disruptions (Fulton and Paerl, 1987; Landsberg, 2002; Malbrouck and 
Kestemont, 2006; Sedmak and Elersek, 2005).  Some cyanobacterial genera also produce 
potent hepatotoxins and neurotoxins, making these CHABs of particular concern from 
environmental and human health perspectives.   
Microcystis is a widespread, freshwater bloom forming cyanobacterium.  Many 
strains produce microcystins (MCs), which are cyclic heptapeptides and potent liver 
toxins, documented in numerous human and animal poisonings over the past two 
centuries (Falconer, 2005; Oberholster et al., 2004; Tillett et al., 2000).  The major 
mechanism of acute microcystin toxicity in eukaryotes is inhibition of protein 
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phosphatases 1 and 2A in hepatocytes leading to cellular collapse and liver hemorrhage 
(Chorus and Bartram, 1999; McDermott et al., 1998).  Epidemiological studies of the 
long-term impact of chronic exposure to MCs suggest they play a role in primary liver 
cancer and tumor formation (Carmichael, 1995; Falconer and Humpage, 1996; Fujiki and 
Suganuma, 1999).  The World Health Organization‟s provisional guideline for 
microcystins in finished drinking water recommends less than 1 µg l
-1
.  Thus, from water 
quality and environmental health perspectives it is critical to be able to determine when 
Microcystis blooms form and whether or not they are toxin-producing. 
Microcystis is characterized morphologically as coccoid shaped cells possessing 
gas vesicles, a tendency to aggregate as colonies, which are enclosed in a mucilaginous 
sheath (Holt et al., 1994; Komárek and Komárková, 2002).  Microcystis blooms are 
easily recognizable because of their buoyancy (leading to green paint-like scums) and 
colonial morphology (Figure 2.1).  Natural assemblages of Microcystis are believed to 
aggregate in colonies because it enhances buoyancy, increases access to light and 
mitigates zooplankton grazing (Visser et al., 2005).  Historically, Microcystis taxonomy 
was based upon microscopic observations of colony morphologies and individual cell 
sizes.  However, as prior studies have pointed out, Microcystis exhibits a high degree of 
phenotypic plasticity and seemingly identical strains may vary morphologically under 
varying environmental conditions (Otsuka et al., 2000).  As such, the taxonomy of this 
genus needs to be re-evaluated, preferably using more definitive molecular techniques.  
In the current study, a whole cell multiplex PCR assay was utilized to determine the 
genotype of different Microcystis assemblages collected from hypereutrophic Lake 
Taihu. 
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Lake Taihu is the 3
rd
 largest freshwater lake in China and is situated in its most 
populated province, Jiangsu.  It supplies drinking water to 38 cities, with over 10 million 
people dependent on the lake for drinking water, fisheries, and tourism income (Guo, 
2007).  The lake is large (2338 km
2
), shallow (mean depth 2.0 m), and well mixed year-
round (polymictic), with a hydraulic residence time of ~300 days (Chen et al., 1997; 
Wang and Liu, 2005).  For the past three decades seasonal blooms of Microcystis spp. 
have regularly formed on the lake, usually starting around May and persisting through 
October.  In recent years, the severity of the blooms has increased, culminating in a 
drinking water crisis in 2007, during which the government had to supply bottled 
drinking water to 2 million people (Qin et al., 2010).  Due to this highly publicized event, 
much attention has been directed at remediating the eutrophication problems of the lake. 
The aim of the current study was to assess whether the blooms occurring during 
the summers of 2009 and 2010 were composed of MC producing strains of Microcystis 
and whether toxicity could be inferred from colony morphology, or if both toxin and non-
toxin producing strains of Microcystis spp. appeared as multiple morphotypes.  To date, 
systematic identification of the morphospecies comprising the blooms in Taihu has not 
been carried out on a genetic level. 
Methods 
Sample collection and processing 
Sampling transects of the entire northern half of Lake Taihu were conducted 6 
times during the period June 22, 2009 to July 27, 2009 and 6 times from June 3, 2010 to 
June 21, 2010 in which 1 L depth integrated water column samples (n = 96) were 
 11 
 
collected using a 2-m long, 10-cm wide tube with a 1-way valve from 8 sites and from 
any blooms (n = 16) encountered between sites (Figure 2.2).  The microbial assemblage 
of each sample was photographed using a Zeiss (NY, USA) Axiovert 135 microscope at 
40X to 400X magnification.  Also, a portion of each sample was filtered onto Whatman 
(NJ, USA) GF/F filters (25 mm) for chlorophyll and carotenoid photopigment analysis by 
HPLC [49] and onto Pall (MI, USA) Supor-200 membrane filters (47 mm, 0.2 μm) for 
subsequent DNA extraction. Additionally, for whole-cell PCR genotyping, individual 
colonies of Microcystis spp. from select samples were diluted in dH2O, photographed, 
and then picked using micro-tip Pasteur pipettes.  Extra care was taken to minimize 
disaggregation of colonies during transfer as they were rinsed in dH2O and then finally 
stored at -20°C in sterile PCR tubes containing 20 µl of 1X TE buffer (10 mM Tris-HCl, 
1 mM EDTA, pH 8.0).  A total of 29 colonies were isolated for genotyping (M. 
aeruginosa = 10, M. flos-aquae = 9, M. wesenbergii = 5, M. ichthyoblabe = 5) from 
Meiliang Bay to the north and from the western basin.  Environmental parameters (water 
temperature, dissolved oxygen, pH, and turbidity) were collected from each site with a 
YSI 6600 multi-probe sonde (OH, USA).  The southern half of the lake was not sampled 
because it is dominated by macrophytes and rarely supports Microcystis blooms (Wang 
and Liu, 2005).  Lastly, data on wind speed and direction were collected at 10 min 
intervals using a Davis meteorological station located near the southeastern shore of 
Meiliang Bay.  
DNA preparation and PCR amplification 
Prior to PCR amplification, sample tubes underwent three freeze-thaw cycles and 
then were vortexed for 1 min to break apart the colonies.  A multiplex PCR was carried 
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out consisting of the following oligonucleotides: CSIF and ULR for 16S-23S rDNA-ITS 
amplification for species identification, heretofore termed the ITSc primer set (Iteman et 
al., 2000; Janse et al., 2004), MSR-S1F and MSR-S2R for 16S rDNA amplification for 
additional species comparisons (Otsuka et al., 1998), and mcyB-F and mcyB-R to 
determine potential toxicity based on the presence or absence of the microcystin 
synthetase mcyB gene (Dyble et al., 2008).  Each PCR reaction consisted of: 2 µl of cell 
solution, 10 µl 5X Colorless GoTaq Flexi Buffer (Promega, WI, USA), 5 µl MgCl2 (25 
mM), 2 µl of forward (10 µM) and reverse (10 µM) primers, 1 µl dNTP mix (10 mM 
each), 0.4 µl GoTaq DNA Polymerase (5 U µl
-1
) and dH2O to a volume of 50 µl.  
Reactions were carried out on a Techne (NJ, USA) TC-512 thermocycler with the 
following conditions: initial denaturation at 94°C for 2 min, followed by 20 cycles of 
94°C for 1 min, a 1 min annealing step with TA decreasing 0.5°C each cycle from 62°C to 
52°C, and extension steps of 1 min at 72°C and a final elongation step of 5 min at 72°C.  
The amplification product sizes were approximately 410 bp, 550 bp and 800 bp for MSR, 
ITSc and mcyB, respectively.   
Cloning and sequencing 
Each band was extracted from the gels and purified using a Qiaquick Gel 
Extraction kit (Qiagen, CA, USA).  The DNA was ligated into a pCR2.1 TOPO vector 
(Invitrogen, CA, USA) and transformed into TOP10 E. coli per the manufacturer‟s 
instructions.  The cells were grown overnight on selective media plates at 37°C.  For each 
positive transformant selected, 12 replicates were forward and reverse sequenced using 
M13F and M13R primers on an ABI 3130 DNA sequencer.   
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Phylogenetic analyses 
The forward and reverse sequences were imported into the software program 
Sequencher (v.4.8) and assembled into contigs using the dirty data algorithm with a 
minimum match percentage of 99% and a minimum overlap of 20 bases.  Ambiguities 
were manually corrected by reviewing individual chromatograms.  Transformants 
resulting in multiple contigs were excluded from further analyses as they were presumed 
to contain DNA from more than one individual colony.  Contigs were exported and 
phylogeny inferred based on a Bayesian framework using the program MrBayes v.3.1.2 
(Geyer, 1991; Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003).  
Analysis was carried out using a general time reversible substitution (GTR) model with 
gamma distributed variation run for 2 million generations with a sampling frequency of 
every 10
th
 generation and a burn-in of 40,000 trees.  Analyses were run in parallel and the 
resulting consensus trees were based on 207,820 tree iterations and shared identical 
positions, with each having a probability greater than 99%.  Phylograms were viewed in 
TreeView (v.1.6.6).  For comparison, a second phylogram of the ITSc sequences was 
generated using ClustalX v.2.0 (Larkin et al, 2007) and the neighbor-joining method with 
1000 bootstrap replicates and rooted with a microcystin-producing strain of Planktothrix 
rubescens PCC 7821 (Saitou and Nei, 1987).  The tree was viewed in Dendroscope 
(v.2.7.4) and exhibited the same clustering patterns as the Bayesian inferred phylogram 
(data not shown).  Multiple pairwise alignments were carried out on the amino acids 
derived from the mcyB sequences using the VectorNTI AlignX program.  Predicted 
protein structures for the mcyB genes were generated on the Phyre server (Kelley and 
Sternberg, 2009) and viewed in the 3D Molecule Viewer program of VectorNTI.  The 
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binding pocket signatures of the adenylation domain sequences were identified as 
previously described (Tooming-Klunderud et al., 2008). 
Toxicity screening 
Enzyme linked immunosorbent assays (Abraxis, PA, USA) with broadscale 
reactivity (polyclonal) to all microcystin congeners were used to measure the total 
microcystin content of each environmental sample per the manufacturer‟s instructions. 
The titer plates were read spectrophotometrically on a Thermo MultiSkan Spectrum plate 
reader (Vantaa, Finland).  The limit of detection for the assay was 0.1 µg l
-1
 total 
microcystins. Samples below the detection limit were considered to be half the detection 
limit (0.05 µg l
-1
) for statistical purposes. 
Statistical analyses 
Kendall Tau non-parametric rank analyses were conducted to assess the 
correlation of total microcystins with water temperature, total chl a, pH, turbidity and 
dissolved oxygen from all samples (16 blooms and 96 sample stations). 
Nucleotide sequence accession numbers 
All mcyB and ITSc sequences determined in this study have been deposited in 
GenBank under accession numbers HQ625391 – HQ625426. 
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Results 
Morphological observations 
On a seasonal basis, the colony morphologies observed were variable.  In 2009, 
three different Microcystis morphospecies were observed (Figure 2.3).  Morphotype 1 
was identified as M. aeruginosa and consisted of medium to large colonies irregularly 
shaped, being generally long (100 - 3000 µm) and narrow (100 - 940 µm), densely 
packed with individual cells, each being 3 - 4 µm in diameter, and no visible 
mucilaginous sheath.  Morphotype 2 was identified as M. flos-aquae and consisted of 
small to medium sized (100 - 1175 µm dia.) round to semi-round colonies, densely 
packed with slightly smaller individual cell diameters of 2.5 - 3.5 µm and no visible 
mucilaginous sheath.  Morphotype 3 was identified as M. wesenbergii and consisted of 
medium to large sized colonies irregularly to lobate shaped being generally longer (100 - 
2115 µm) than wide (100 - 1175 µm), loosely packed with larger individual cell 
diameters (5 - 6 µm) and possessing a thick mucilaginous sheath.  In 2010, a fourth 
morphotype was observed and identified as M. ichthyoblabe.  It consisted of medium to 
large sized colonies with diameters 300 - 1200 µm, round to semi-round in shape, 
composed of a single layer of cells with diameters 3 - 4 µm and with no visible 
mucilaginous sheath.  The M. ichthyoblabe morphotype was only observed in 2010 and 
never in 2009.  Conversely, the M. wesenbergii morphotype was not observed in 2010.  
With regard to the spatial distribution of the Microcystis morphotypes across the lake, all 
morphotypes were distinguished at least once at all sampling sites; with the exception of 
the lake center, in which M. aeruginosa and M. ichthyoblabe were never observed 
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(Figure 2.2).  Additionally, the M. ichthyoblabe morphotype was not detected in the 
southwest and northeast sampling sites.   
Wind data 
Anemometer data collected from a monitoring station in the northern bay 
(Meiliang Bay) indicated that the average wind direction during the study period was 
from the west-northwest (123.4°) at an average wind speed of 3.56 m s
-1
 (min. = 0.0; max 
= 16.2 m s
-1
).   
Statistical analyses 
The average water temperatures differed significantly from 2009 to 2010, with 
2010 being considerably cooler.  In 2009 the average water temperatures ranged from 
28.1 – 30.5°C over the course of the sampling period, whereas in 2010 average water 
temperatures ranged from 21.6 – 27.1°C.  Temperature influenced Microcystis bloom 
formation and morphotype prevalence.  M. wesenbergii colonies were only observed at 
water temperatures greater than 27°C and M. ichthyoblabe colonies were only observed 
at temperatures less than 28°C.  While the M. wesenbergii and M. ichthyoblabe 
morphotypes were always nontoxic (lacking mcyB genes), a mixture of toxic and 
nontoxic strains of M. aeruginosa and M. flos-aquae were observed at all temperatures 
(22 – 31°C).  The M. flos-aquae morphospecies was the dominant taxa among all groups 
and at all temperatures (Figure 2.5).  Even though the M. aeruginosa and M. flos-aquae 
morphotypes were observed at a range of temperatures, dense surface blooms were not 
observed until the water temperature exceeded 23°C.  Based on HPLC analyses, total 
chlorophyll a (chl a) ranged from 2.48 – 294.79 µg l-1 (med = 16.72 µg l-1, geomean = 
 17 
 
19.48 µg l
-1
, stdev = 1.92) in 2009, and from 2.73 – 997.1 µg l-1 (med = 12.50 µg l-1, 
geomean = 17.68 µg l
-1
, stdev = 3.11) in 2010.  Non-parametric rank analyses using 
Kendall tau correlations indicate that temperature is positively correlated at the 95% 
confidence level with microcystin concentration (τ = 0.216, p-value = 0.003) and chl a is 
positively correlated with microcystin concentration (τ = 0.452, p-value < 0.001).  
Dissolved oxygen, pH and turbidity were not found to be significantly correlated with 
microcystin concentration.  The correlation between MCs and chl a is dampened by the 
presence of other phytoplankton groups representing a fraction of the total chl a 
measurements, such as Anabaena spp. and Synechocystis spp., which have been observed 
to be strong competitors of Microcystis spp. in Lake Taihu (Wang et al., 2010).  
However, chlorophyll a has previously been recognized as a good indicator of 
Microcystis biomass in Lake Taihu because it is the dominant algae during the summer 
blooms and often accounts for over 95% of phytoplankton (Chen et al., 2003; Wu and 
Kong, 2009).  These findings were corroborated based on our own microscopic 
observations where the most abundant (on a biovolume basis) phytoplankton group 
encountered was cyanobacteria (Microcystis spp. and Anabaena sp.) and to a lesser extent 
green algae (Chlorella sp. and Pediastrum sp.).  Additionally, the geometric means of 
various carotenoid pigments measured from all samples (n = 112), as determined by 
HPLC analysis, indicate that the lake‟s phytoplankton composition was predominately 
cyanobacteria (zeaxanthin = 1.15 μg l-1, myxoxanthophyll = 0.31) and green algae 
(chlorophyll b = 1.01 μg l-1), with smaller proportions of cryptomonads (alloxanthin = 
0.43) and diatoms (fucoxanthin = 0.26 μg l-1) (Mantoura and Wright, 1997).  There was 
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no evidence of dinoflagellates in any samples as this group was never viewed under the 
microscope and the diagnostic pigment peridinin was not detected.  
Phylogenic inference based on rDNA and mcyB sequences 
The 16S rDNA sequences obtained from the MSR primers were found to lack 
variation, making meaningful comparisons between different Microcystis strains and 
species impossible.  The MSR primers proved to be suitable for detecting the Microcystis 
genus, but because they amplified within a highly conserved region of the 16S ribosome, 
intra-species variation could not be assessed.  These findings are in agreement with 
previous findings which observed upward of 99% sequence similarity in the 16S rRNA 
of several Microcystis species (Neilan et al., 1997).  The 16S rDNA sequences amplified 
using the MSR primers on 10 Microcystis isolates from 2009 were aligned and found to 
be 100% identical to each other (data not shown).  For this reason the MSR primer set 
was excluded from additional analyses in 2010.  Conversely, the sequences obtained from 
the ITSc primers provided markedly improved species/strain differentiation; with all four 
morphospecies sharing only 91.4% nucleotide identity (524 bp) with one another.  The 
phylogram created by Bayesian inference utilized the ITSc sequences from the 2009-
2010 Taihu isolates (n = 23) along with eight additional reference Microcystis strains 
acquired from the Pasteur Culture Collection (PCC), the Canadian Phycology Culture 
Collection (CPCC) and the University of Texas at Austin (UTEX) (Figure 2.4).  Only 23 
of the original 29 isolates were included in the phylograms because three failed to 
amplify and three were found to contain more than one ITSc sequence and were omitted.  
For comparison, a second phylogram was generated utilizing the neighbor-joining 
method with 1000 bootstrap replicates and rooted with a microcystin producing strain of 
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Planktothrix rubescens PCC 7821 (data not shown).  Both phylograms were congruent, 
with each comprised of two nodes with four primary branches.  Only one of the branches 
was in close agreement between morphotype and genotype (monophyletic), while the 
other groupings consisted of a mixture of genotypes and morphotypes (polyphyletic).  
The M. wesenbergii isolates were found to cluster tightly together forming a distinct 
clade.  Additionally, all of the M. wesenbergii isolates lacked the mcyB gene.  Two of the 
M. ichthyoblabe isolates clustered together separately, with an additional two M. 
ichthyoblabe isolates clustering with toxic and nontoxic strains of M. flos-aquae and M. 
aeruginosa.  The M. ichthyoblabe morphospecies all lacked mcyB genes, whereas one of 
the Taihu M. flos-aquae isolates associated with this grouping possessed the mcyB gene 
and three other M. flos-aquae isolates did not possess the mcyB gene.  The M. aeruginosa 
morphotypes (both potentially toxic and nontoxic strains) clustered with M. flos-aquae 
morphotypes (both potentially toxic and nontoxic strains) interchangeably.  It has been 
postulated that M. aeruginosa and M. flos-aquae are actually the same species, with the 
former being a toxic variant and the latter a nontoxic variant.  The 16S-23S rDNA ITSc 
sequences obtained in this study suggest the M. aeruginosa and M. flos-aquae 
morphotypes may be the same species, but both morphotypes include potentially toxic 
and nontoxic strains. 
The M. aeruginosa and M. flos-aquae morphospecies were observed to sometimes 
possess the mcyB gene, whereas it was never detected in the M. wesenbergii and M. 
ichthyoblabe morphotypes.  The M. aeruginosa morphospecies possessed the mcyB gene 
in 57% of colony isolates (n = 7) and M. flos-aquae contained the mcyB gene in 29% of 
isolates (n = 7).  Overall, the mcyB gene was detected in 26.8% of all transect samples (n 
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= 112) spanning the 8 sampling stations and the 16 blooms during the 2009 and 2010 
sampling periods.  In order to validate mcyB primer sensitivity, the samples were also 
amplified using primers (mcyE-F2 and MicmcyE-R8) that amplify a shorter (247 bp) 
region of the microcystin synthetase mcyE gene encoding for the glutamate-activating 
adenylation domain (Vaitomaa et al., 2003).  Similar PCR sensitivity was achieved, with 
the mcyE primers amplifying in 31.3% of the samples (n = 112).  Temperature appeared 
to influence the prevalence of toxigenic strains, with the majority of mcy gene positives 
being observed at cooler temperatures. At water temperatures below 26°C, the mcyB gene 
was detected in 40.4% of the samples (n = 52) and the mcyE gene was detected in 50% of 
the samples (n = 52).  However, at water temperatures above 26°C, the mcyB and mcyE 
genes were only detected in 15% of the samples (n = 60).  These results indicate that the 
mcyB primers have similar sensitivity as the mcyE primers and cooler water temperatures 
may promote toxigenic strains of Microcystis.   
Analysis of mcyB functionality 
The general structure of microcystins is cyclo-D-Ala-X-D-MeAsp-Z-Adda-D-
Glu-Mdha, where X and Z are variable L-amino acids (Rinehart et al., 1994). The 
adenylation domains within mcyB directly impact the microcystin variants produced.  
With regard to the X amino acid, C-type domains activate mainly Arg, whereas B-type 
domains often activate Leu (Fewer et al., 2007). The most common microcystin variant is 
microcystin-LR, which possesses L-Leu at the X position and L-Arg at the Z position.  
Recombination between the first module of mcyB1 and mcyC is linked to the production 
of different microcystin isoforms, such as MC-RR, which possesses L-Arg at both X and 
Z amino acid positions.  False negatives can occur if PCR primers are used which 
 21 
 
amplify within the variable condensation and adenylation domains of mcyB1 and mcyC.  
This concern over false negatives is why the use of some mcyB primers for detecting 
toxigenic genotypes has recently been called into question (Bittencourt-Oliveira et al., 
2010; Hisbergues et al., 2003).  However, the primers used in this study flank the mcyB1 
region prone to recombination and mutation events and can be used to detect toxigenic 
variants possessing both the mcyB1 (B-type) and mcyB1 (C-type) adenylation domains.  
A multiple pairwise alignment of the mcyB sequences from the M. aeruginosa and M. 
flos-aquae isolates revealed that they share 95.3% of identity nucleotide positions (92.6% 
of amino acid identity) and that they both consist of mcyB1 (C-type) adenylation 
domains (Figure 2.7).  Analysis of the binding pocket signatures of these adenylation 
domains indicated that the M. aeruginosa morphotype encodes L-Leu and L-Arg, 
whereas the M. flos-aquae morphotype only encodes for L-Arg.  Therefore, the M. 
aeruginosa morphotypes are capable of producing the microcystin variants MC-LR and 
MC-RR, whereas the M. flos-aquae morphotype can only produce MC-RR.  This was 
important to distinguish because microcystin toxicity is dependent not only on the 
concentration of the toxin, but also on which isoforms are present, with MC-LR being 10-
fold more toxic than MC-RR (Gehringer et al., 2005).  Lastly, a pairwise alignment of the 
amino acids encoding the highly conserved c-phycocyanin-a gene (cpcA) from all 
Microcystis sequences available in GenBank (n = 153), revealed that M. wesenbergii 
possesses a unique region of that gene (Figure 2.8).  The cpcA gene was observed to be 
highly conserved across all other Microcystis species with each strain sharing 95% or 
greater amino acid similarity with the consensus translation.  However, M. wesenbergii 
only shared 86.7% amino acid similarity with the consensus Microcystis cpcA sequence. 
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Discussion 
Role of water temperature and wind on morphotype prevalence and chl a concentration 
Previous studies have identified water temperature as a key variable regarding 
Microcystis abundance, toxicity and morphology (Imai et al., 2009a; Lehman et al., 
2008).  The Microcystis spp. in Lake Taihu followed this trend as well, with different 
morphospecies blooming at different water temperatures.  Cell buoyancy has been shown 
to decrease with decreasing temperature (Thomas and Walsby, 1986).  However, because 
depth-integrated samples were collected, temperature induced variation of buoyancy is 
unlikely to have affected chl a values and morphological assessments.  Thus, the 
generally low chl a values observed when temperatures were below 23°C (Figure 2.6) 
indicate that cell densities were reduced throughout the water column and not just visibly 
absent from the water surface due to reduced buoyancy.   
There appears to be a threshold temperature for the Microcystis blooms in Taihu, 
in 2010 there were no blooms at or below 21°C, and then several appeared at multiple 
locations when lake water temperatures reached 23°C.  However, when the water 
temperature dropped back to 21°C no new blooms were initiated, and blooms were not 
re-initiated until the water temperature again rose above 23°C.  This observation may be 
attributable to changes in growth rate and/or buoyancy at different temperatures.  While 
the Microcystis cells continue to divide at temperatures below 21°C, they do so at a 
reduced rate.  Previous studies have demonstrated M. aeruginosa growth rates are more 
than double at 30°C than what they are at 20°C (Imai et al., 2009b).  However, the peak 
biomass, as determined by total chl a, was at water temperatures 26-27°C (Figure 2.6).  
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Around this temperature the Microcystis diversity is also at its highest, with all four 
morphotypes co-occurring.  The finding that Microcystis diversity is highest in this mid-
temperature range was anecdotally observed in a previous study that measured the chl 
content in Taihu over a period of eight years.  In that study, the average peak chl a was 
~56 µg l
-1
 and occurred in June, and not in July or August when lake water temperatures 
are at their maximum (Yang and Liu, 2010; Zhang et al., 2007).  These findings imply 
that variation in water temperature leads to Microcystis niche partitioning in Lake Taihu.  
Although it is difficult to extrapolate limited wind data across the whole of Lake 
Taihu, anemometer data collected in the northern bay (Meiliang Bay) allowed us to 
speculate that besides the lake center, the western basin and northeastern embayment may 
be subjected to higher wind stresses than other sampling sites as there is less land and 
physical structure to buffer winds from the northwest there.  This suggests that the M. 
aeruginosa morphotype, which was not detected in the lake center, and the M. 
ichthyoblabe morphotype, which was not observed in the southwestern basin, the lake 
center, or the northeastern embayment, are more susceptible to disaggregation from wind 
shear, with M. ichthyoblabe being the most fragile of all four morphospecies.  We also 
hypothesize that M. flos-aquae (small, round and compact) and M. wesenbergii (thick 
mucilaginous sheath) were the only Microcystis morphospecies observed in the lake 
center because they are less susceptible to wind shearing.  This hypothesis is supported 
by the fact that M. aeruginosa colonies have previously been shown to be susceptible to 
disaggregation from turbulent mixing (O‟Brien et al., 2004).  In Microcystis, the inability 
to maintain colonial form is detrimental in well mixed waters because larger aggregates 
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are better able to reach the surface waters, and therefore the euphotic zone, than 
individual cells (Wallace et al., 2000). 
Phylogenetic analyses and inferred relationships 
Due to the high degree of phenotypic plasticity exhibited by Microcystis spp., any 
given species/strain observed under one set of conditions may appear markedly different 
when exposed to other contrasting, environmental conditions (Bittencourt-Oliveira et al., 
2001).  For example, based on colony morphology, it was hypothesized that the M. 
ichthyoblabe morphotype may actually be an early stage transitional form of the M. flos-
aquae morphotype.  If that were true, then the M. ichthyoblabe morphotypes would form 
initially as a single plane of cells and then over time divide 3-dimensionally to create a 
mature M. flos-aquae colony possessing greater depth and cell density.  This hypothesis 
is in part supported by a previous study in which the M. flos-aquae morphotype was 
distinguished as a type of M. ichthyoblabe (Watanabe, 1996).  The ITSc sequences of the 
M. ichthyoblabe isolates failed to adequately distinguish M. ichthyoblabe from M. flos-
aquae.  Two of the M. ichthyoblabe isolates appear to be genetically distinct from M. 
flos-aquae, whereas two other M. ichthyoblabe isolates were highly similar to toxic and 
nontoxic M. flos-aquae isolates from Taihu.  With regard to determining species 
delimitation between M. aeruginosa and M. flos-aquae morphotypes, although they 
appear as morphologically distinct assemblages, they were shown to be highly similar 
genetically.  
The merger of five different morphospecies (M. aeruginosa, M. ichthyoblabe, M. 
novacekii, M. viridis and M. wesenbergii) into a single species of M. aeruginosa has been 
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proposed because although morphologically distinct, they possess a high degree of DNA 
homology (Otsuka et al., 2001).  The results from this study did not corroborate this 
suggestion.  Instead of including M. wesenbergii, the results from this study suggest M. 
flos-aquae would be a more appropriate addition to the condensed M. aeruginosa 
grouping.  M. wesenbergii was found to be morphologically and genetically distinct from 
any other Microcystis morphotype.  This finding is further supported by comparing the c-
phycocyanin genes within this genus.  Whereas the cpcB and the cpcBA intergenic spacer 
regions are highly conserved across all Microcystis species, cpcA in M. wesenbergii is 
markedly different (Figure 2.8).  Additionally, M. wesenbergii is easily distinguishable 
because it tends to have the thickest mucilaginous sheath of all Microcystis species.  An 
analysis of the polysaccharides comprising the sheaths of M. aeruginosa, M. flos-aquae 
and M. viridis reveals a composition of neutral sugars rhamnose, fucose, xylose, 
mannose, glucose, galactose, and uronic acid.  However, in M. wesenbergii the 
mucilaginous sheath is only composed of uronic acid (Forni et al., 1997).  These data 
contrast the suggestion that M. wesenbergii should be included in the proposed M. 
aeruginosa condensed taxonomic grouping.     
Prevalence of mcyB genotypes 
Aside from influencing Microcystis morphology and prevalence, temperature also 
affected the proportion of potential microcystin producers, with cooler temperatures 
favoring mcyB possessing strains.  The prevalence of MC producing genotypes has been 
observed to be exponentially correlated with chl a at temperatures below 27°C (Hotto et 
al., 2008).  Likewise, MC concentrations have been shown to be higher at 20°C than 
30°C, suggesting a physiological trade-off between growth rate and toxin production 
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(Westhuizen and Eloff, 1985).  Over time, population turnover has been observed to 
occur within Microcystis blooms resulting in nontoxic genotypes superseding toxin-
producing strains later in the season (Bozarth et al., 2010).  Therefore, chl a was 
hypothesized to be a useful proxy for toxicity in early season Microcystis blooms, but 
likely less indicative of toxicity in late season blooms.  The peak in MC concentration did 
not correspond to the peak in biomass (chl a), but instead was correlated with the peak in 
M. aeruginosa and M. flos-aquae prevalence (Figure 2.5 and Figure 2.6).  These 
morphospecies were identified to frequently possess the mcyB gene, and therefore 
toxicity is dependent on their presence and not directly correlated to total biomass of all 
Microcystis spp. in Taihu.  This finding was somewhat contrary to the hypothesis that 
microcystins would be highest at lower temperatures.  Instead, because there is a balance 
between nontoxic genotypes at both temperature extremes, the peak in chl a occurred 
when all four morphospecies were present, causing a dampening effect between the 
correlation of microcystins and chl a.  The correlation between chl a and MCs may also 
be impacted by the fact that some strains of Anabaena spp. produce MCs and this 
organism was observed in 29.5% (n = 112) of the samples viewed under the microscope.  
Real-time quantitative PCR with Anabaena specific mcy primers will need to be utilized 
in order to determine if this organism is likely contributing to the MC load in Taihu.  
Whether or not the increase in MCs observed at higher water temperatures is attributable 
to the Anabaena sp. present or due to increased mcy gene expression in the Microcystis 
strains has yet to be elaborated.  
Morphology was not a universal indicator of toxigenicity, as both the M. 
aeruginosa morphotype and the M. flos-aquae morphotype consisted of mcyB positive 
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and negative strains.  This finding is similar to other studies which have concluded that 
toxicity cannot accurately be determined based on morphology alone as both toxic and 
nontoxic strains of Microcystis may appear identical when viewed microscopically 
(Otsuka et al., 1999; Ouellette and Wilhelm, 2003).  Conversely, the M. ichthyoblabe and 
the M. wesenbergii morphotypes in Taihu consistently lacked the mcyB gene and can be 
considered nontoxic variants (Pearson et al., 2004).  This implies that toxigenicity should 
be inferred on a system by system basis.  Future research on the Microcystis spp. 
comprising the Taihu blooms should address the role of nitrogen and phosphorus (both 
concentration and molecular form), as both have been shown to affect bloom potentials 
and species composition (Hai et al., 2010; Honma and Park, 2005; Tan et al., 2009). 
Conclusions 
In summary, within Taihu four different Microcystis morphospecies were 
observed to predominately comprise the algal blooms during the periods of June and July, 
2009 and June, 2010.  As a caveat, Microcystis morphospecies other than those observed 
in the present study may also occur within the lake at different times of the year, 
particularly in late fall or early spring.  In the present case, more genotypes were detected 
than were attributable to particular morphotypes based on 16S-23S rRNA ITS sequence 
analysis.  Therefore, it is likely that each Microcystis morphospecies is comprised of 
multiple genotypes.  While there is no established threshold for delimiting species based 
on 16S rRNA sequence identity, it has been proposed, at least among prokaryotes, that 
organisms sharing greater than 98.7% 16S rRNA sequence similarity and DNA-DNA 
reassociation values of greater than 70% should be considered of as the same species 
(Konstantinidis and Tiedje, 2007; Stackebrandt and Ebers, 2006).  In this study, 16S 
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rRNA sequences from all four morphospecies were 100% identical, although there is 
reason to believe they are not all of the same species.  Comparing the consensus 16S-23S 
rRNA ITS sequences for the M. wesenbergii isolates with the consensus 16S-23S rRNA 
ITS sequence for the M. aeruginosa isolates found they share only 96.4% sequence 
identity.  A comparison of Microcystis cpcA sequences obtained from GenBank further 
supports species delimitation, as M. wesenbergii is considerably different from other 
Microcystis species.  These results suggest that M. wesenbergii is a genetically distinct 
species and should not be incorporated into an M. aeruginosa condensed taxonomic 
grouping as has been previously suggested.   
As a whole, due to the high levels of polymorphism exhibited by Microcystis, this 
genus is better described based on functionality (ex. toxic vs. nontoxic strains) than by 
colony morphology.  This research highlighted the fact that neither morphology, nor 16S-
23S rRNA ITS sequence homology, are reliable indicators of a strain‟s toxicity.  In the 
present case, we conclude that the M. wesenbergii morphospecies in Taihu is indeed a 
nontoxic strain of M. wesenbergii.  However, because M. viridis closely resembles M. 
wesenbergii, and is a common microcystin producing variant found in Chinese freshwater 
ecosystems, it is prudent to exercise caution and assume a bloom to be toxic until proven 
otherwise.  Although screening for the presence of microcystin synthetase genes, as 
detected by PCR, has been shown to strongly correlate with microcystin production in 
Microcystis spp. (Via-Ordorika et al., 2004), direct measurement of microcystins remains 
the gold standard for health and safety and will provide additional precaution against any 
other microcystin-producing genera, such as Anabaena spp., that may be present in this 
system. 
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Figure 2.1: Meiliang Bay, Lake Taihu (June 3, 2009). Photo credit: Hans Paerl 
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Figure 2.2: Map of Lake Taihu sampling sites. Pie graphs represent the total Microcystis 
morphospecies composition of each sample station compiled from 12 transects (96 
samples) during June and July, 2009 and June, 2010. Triangles (▲) indicate locations of 
blooms in 2009, squares (■) indicate locations of blooms in 2010. 
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Figure 2.3: Microscope images of the four Microcystis morphospecies comprising the 
Taihu summer blooms at two different magnification levels (a = x200, b = x400). Sample 
numbers indicate the following morphospecies designations: 1) M. aeruginosa; 2) M. 
flos-aquae; 3) M. wesenbergii; 4) M. ichthyoblabe. 
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Figure 2.4: Bayesian inference of phylogeny for ITSc sequences from 2009 and 2010 aligned with 8 cultured Microcystis 
reference strains using a GTR model with gamma distributed rate variation. Strains in bold possess mcyB toxin gene. Bootstrap 
values are indicated at the nodes. Scale bar corresponds to 0.1 changes per nucleotide. 
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Figure 2.5: Prevalence of Microcystis morphotypes observed from all eight stations 
sampled during the periods of June and July, 2009 and June, 2010.  Prevalence is defined 
as the total number of sites each morphospecies was detected at divided by the total 
samples collected at a given temperature and then multiplied by 100. 
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Figure 2.6: Distribution of chlorophyll a (geometric mean) and total microcystins 
(geometric mean) across Lake Taihu relative to water temperature. Error bars indicate 
95% confidence intervals.
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Figure 2.7: Consensus pairwise alignment of translated mcyB amino acids from Taihu M. 
aeruginosa (morphotype 1) and M. flos-aquae (morphotype 2) strains. 
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Figure 2.8: Consensus pairwise alignment of c-phycocyanin-a (cpcA) amino acids from 
all Microcystis sequences available in GenBank (n = 153). 
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Chapter 3: 
Spatiotemporal patterns and ecophysiology of toxigenic Microcystis blooms in Lake 
Taihu, China: Implications for water quality management
2
 
 
Introduction 
The unicellular, colony forming genus – Microcystis – is one of the most 
ubiquitous cyanobacterial harmful algal bloom (CHAB) formers in temperate and tropical 
freshwater systems.  Blooms are promoted by nutrient replete, warm and slow moving or 
stagnant waters, which allow Microcystis spp. to proliferate to the point that surface 
waters are covered with thick green scums.  In lakes, rivers and reservoirs worldwide, 
blooms of Microcystis spp. have steadily intensified in both duration and magnitude due 
to cultural eutrophication, rising water temperatures and increasing frequency of extreme 
weather events (Paerl and Huisman, 2008).  Harmful algal blooms have major ecological 
(creation of bottom water hypoxia, disruption of food webs), economical (impact 
recreational, fishing and drinking waters) and health repercussions (human and animal 
intoxication). Numerous strains of Microcystis spp. produce highly stable and potent 
polypeptides known as microcystins (Landsberg, 2002; Malbrouck and Kestemont, 2006; 
Tillet et al., 1998).  These metabolites are toxic to a range of eukaryotic organisms 
(McDermott et al., 1998), and in humans acute doses can induce fatal liver hemorrhage, 
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whereas chronic exposure is implicated in the formation of gastric and liver cancer 
(Carmichael et al., 2001; Azevedo et al., 2002; Falconer and Humpage, 1996; Fujiki and 
Suganuma, 1999; Jochimsen et al., 1998).  The majority of microcystins remain 
intracellular in healthy intact cells, which can lead to a large increase in dissolved 
microcystins if cells are lysed by herbicides or disinfection agents during drinking water 
treatment processes (Daly et al., 2007; Jones and Orr, 1994).  Microcystins can 
accumulate in the environment due to their stability, with reported half-lives ranging 
from days to weeks (Jones et al., 1995; Manage et al., 2009).  Additionally, the toxin is 
not destroyed by boiling (Lawton and Robertson, 1999).  
Lake Taihu is the third largest freshwater lake in China, covering an area of 2,338 
square kilometers (Chen et al., 1997).  Its shallow average depth of two meters ensures it 
remains polymictic year round.  In Mandarin, Taihu means “Great Lake”, and for many 
decades it was heralded for its scenic beauty and natural bounty.  The lake, famed 
throughout China for its fish, shrimp, crabs and mollusks, is also flanked by rolling hills 
supporting numerous fruit nurseries and tea plantations.  The natural resources afforded 
by Taihu, and its proximity to the Yangtze River, have led to rapid population growth 
around the lake, culminating in over 36 million inhabitants residing within its basin.  
Unfortunately, decades of wastewater discharge, industrial pollution and over-application 
of chemical fertilizers around the basin have transformed this once meso-oligotrophic 
lake in the 1950‟s into its present hypertrophic state (Chen et al., 1997).  Every spring, 
large areas of the lake turn green with dense Microcystis blooms that persist well into the 
fall.  The blooms are comprised of multiple species and strains of Microcystis with 
varying degrees of toxicity (Otten et al., 2010).  In addition to being a drinking water 
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hazard, microcystins can bioaccumulate in the tissue and organs of fish, and have been 
identified in the serum of a chronically exposed population of Chinese fishermen (Chen 
et al., 2009; Zhang et al., 2009).  Considering that fish from Taihu is a staple of the 
regional diet, and the personal observations of fishermen routinely harvesting fishes from 
areas fouled with dense Microcystis blooms, the potential human exposure risk (both 
acute and chronic) to microcystins through biomagnification up the food chain is a cause 
for concern (Lin et al., 2000; Yu, 1995).   
The goal of this study was to identify spatiotemporal patterns of toxic Microcystis 
blooms and the environmental factors favoring their formation.  This information will be 
useful for water quality managers and/or drinking water utilities in developing water 
safety plans.  The establishment of an action level that once reached would trigger 
additional water treatment processes, such as ozonation or filtration through activated 
carbon, would provide the greatest public health protection while limiting the cost of 
these treatment processes by employing them only as needed. 
Methods 
Sample collection and processing 
Twelve sampling transects encompassing the entire northern half of Lake Taihu 
were conducted between June 22 – July 27, 2009 and June 3 – June 21, 2010.  Only the 
northern half of the lake was sampled because the southern half is dominated by 
submerged aquatic vegetation and rarely experiences Microcystis blooms.  Water quality 
parameters (temperature, dissolved oxygen, pH, turbidity) were measured at each site by 
a YSI 6600 multi-probe sonde (OH, USA).  Nutrients (total nitrogen (TN), dissolved total 
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nitrogen (DTN), total phosphorus (TP), and dissolved total phosphorus (DTP)) were 
measured as previously described (Xu et al., 2010).  During each transect, whole water 
column, depth integrated samples were collected by a 2-m long, 10-cm wide tube with a 
one way valve from each of eight sample sites (n = 96 samples total).  Samples were 
brought back to the laboratory and filtered onto Whatman (NJ, USA) GF/F filters (25 
mm) for chlorophyll a (chl a) analysis by high performance liquid chromatography 
(HPLC) (Pinckney et al., 2001) and onto Pall (MI, USA) Supor-200 membrane filters (47 
mm, 0.2 µm) for subsequent DNA extraction.  All samples were maintained at -20°C 
until further processing. 
Creation of plasmid standards for real-time PCR 
DNA from a mid-exponential growth phase culture of Microcystis aeruginosa 
(UTEX 2667) grown in BG-11 media at 25°C and under 30 µmol m
-2
 s
-1
 photons of cool 
white/grow lux fluorescent light with a 12:12 hr light/dark cycle was extracted using a 
GeneRite RWo3C kit (NJ, USA) per the manufacturer‟s instructions.  Conventional PCR 
was performed in 50 µl volumes and consisted of: 25 µl Lucigen (WI, USA) EconoTaq 
Plus 2X Master Mix (400 µM dNTPs, 3 mM MgCl2, Reaction Buffer (pH 9.0), 0.1 units 
µl
-1
 DNA polymerase, 2 µl (10 µM) each of forward and reverse primers, ~10 ng 
genomic DNA and DEPC H2O up to 50 µl.  Two different primer sets were utilized. 
PC188F and PC254R produced amplicons within the α subunit of the c-phycocyanin 
gene (PC) (Kurmayer and Kutzenberger, 2003) and mcyE-F2 and MicmcyE-R8 within 
the microcystin synthetase E (mcyE) gene (Table 3.3) (Vaitomaa et al., 2003).  DNA 
folding structures of primers and probes were checked using the program Mfold (Zuker, 
2003).  Primer and probe specificity to Microcystis spp. was verified experimentally by 
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PCR screening cultures of various nontoxic and microcystin producing cyanobacterial 
genera. Reactions were carried out on a Techne TC-512 thermocycler with the following 
conditions: initial denaturation at 94°C for 2 min, followed by 35 cycles of 94°C x 30 s, 
58°C x 30 s, 72°C x 45 s and a final elongation step at 72°C for 5 min.  Twenty-five 
microliters of each PCR product was run on a Crystal Violet (2 mg ml
-1
) stained 1.2% 
agarose gel in 1X TAE buffer for 90 min at 75V.  Amplification products were extracted 
and purified using a Qiagen (CA, USA) Gel Extraction kit per the manufacturer‟s 
instructions. Purified DNA was ligated into an Invitrogen (CA, USA) pCR2.1 TOPO 
vector and transformed into TOP10 Escherichia coli per the manufacturer‟s instructions.  
Cells were grown overnight at 37°C on Luria broth plates supplemented with kanamycin 
(50 µg ml
-1
).  The correct sequence and orientation for each positive transformant was 
determined by sequencing on an ABI 3130 DNA sequencer.  Gene target sequences from 
plasmid constructs can be viewed in Table 3.4.  Plasmids from the E. coli transformants 
known to possess the target sequences were harvested using an Invitrogen Pure Link 
Plasmid Mini-prep kit.  The isolated plasmids were then linearized by a single cut using 
Hind III restriction enzyme.  Plasmid DNA concentration and purity was measured using 
a Thermo Scientific UV Nanodrop 1000 (DE, USA).   
Plasmid Standard Curves 
Amplification efficiencies (E = 10
(-1/slope) 
- 1) for the reactions were determined 
empirically by creating standard curves using duplicate 10-fold serial dilutions (spanning 
six orders of magnitude ranging from 10 to 10
6
 cell equivalents) of linearized plasmid 
DNA.  Reaction efficiency was 98.2% (slope = -3.337, y – intercept = 44.9) for the total 
Microcystis assay based on c-phycocyanin gene equivalents (PC) and 96.6% (slope =-
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3.406, y-intercept = 44.6) for the toxigenic Microcystis assay based on microcystin 
synthetase E gene (mcyE) equivalents. The observed correlation coefficients (R
2
) for the 
standard curves were 0.963 for the PC assay and 0.995 for the mcyE assay. 
Real-Time Quantitative PCR 
To determine the total Microcystis community in samples collected from Lake 
Taihu, the c-phycocyanin (PC) assay was utilized.  To determine the total toxigenic 
Microcystis community the microcystin synthetase E (mcyE) assay was employed.  In 
non-dividing cells, both genes are predicted to exist as single copies (1:1 ratio) 
(Kurmayer and Kutzenberger, 2003).  Amplification and quantification of all samples 
was carried out on a Cepheid Smart Cycler II (CA, USA) using the SmartCycler II 
software and fluorescence detection system.  Each PCR reaction consisted of 5 µl DNA 
template, Cepheid OmniMix lyophilized beads (200 µM dNTPs, 4 mM MgCl2, 25 mM 
HEPES (pH 8.0), 1.5 U TaKaRa hot start Taq polymerase), 1 µM forward primer, 1 µM 
reverse primer, 0.2 µM probe and sterile DEPC H2O to a volume of 25 µl.  For optimal 
annealing temperatures and thermal cycling conditions see Table 3.3. Prior to DNA 
extraction of environmental samples, 10 µl of a sample processing control (SPC) 
consisting of salmon (Onchorynchus keta) sperm DNA (10 ng µl
-1
) was added as 
previously described (Converse et al., 2009; Haugland et al., 2005).  Each set of reactions 
included serial dilutions of DNA plasmid constructs for the standard curves, positive and 
negative extraction controls, and the salmon sperm external sample processing control for 
comparison of cycle threshold (Cq) values relative to SPC spiked environmental samples 
to assess PCR inhibition. Reaction inhibition was defined as Cq differences greater than 
3.0 between the SPC and the salmon sperm DNA spiked environmental sample.  If 
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sample DNA needed to be diluted due to inhibition of the SPC, the quantified gene copy 
number was corrected by multiplying by the dilution factor.  
RT-qPCR Detection Limits 
DNA extraction efficiency for the GeneRite Rwo3C kit was determined 
spectrophotometrically (A260) by comparing the total DNA extracted from M. aeruginosa 
PCC 7806 cultures (~5 x 10
6
 cells) maintained as previously described.  Maximum 
extraction was determined as the DNA concentration obtained after boiling and pelleting 
the cells by centrifugation then collecting the supernatant.  This value was compared to 
the DNA extracted by the kits following cell harvesting by centrifugation or by filtration 
onto membrane filters.  The limit of detection (LOD), defined as the lowest template 
concentration at which 100% of positive samples are detected, was observed to be ~10 
gene copies for each assay when plasmid constructs were used.  However, taking into 
account losses in DNA extraction efficiency after cells had been collected by membrane 
filtration, the LOD was empirically determined to be ~75 copies ml
-1 
for each assay.  
Finally, absolute quantification of the target DNA in each sample was determined 
following the delta Ct (∆Ct) method as previously described (Pfaffl, 2001).  
Toxin analysis 
Total microcystins (i.e., all isoforms) were measured spectrophotometrically by 
an Abraxis (PA, USA) enzyme linked immunosorbent assay (ELISA) on a Thermo 
MultiSkan Spectrum plate reader (Vantaa, Finland).  The Microcystins-ADDA ELISA 
microtiter plates utilized polyclonal antibodies allowing for congener-independent 
detection of all microcystins.  The limit of detection for the assay was 0.1 µg l
-1
 total 
 44 
 
 
microcystins.  Samples below the detection limit were considered to be half the detection 
limit (0.05 µg l
-1
) for statistical purposes. 
Statistical analysis 
The dataset was checked for collinearity using SAS v.9.2 (NC, USA) before 
performing multiple regression analyses.  Variables with variance inflation factors (VIF) 
greater than 10 were considered to be autocorrelated.  Total nitrogen (TN) and total 
phosphorus (TP) were removed from the multiple regression analysis due to their 
autocorrelation with dissolved total nitrogen (DTN) and dissolved total phosphorus 
(DTP), respectively.  DTN and DTP were retained in place of TN and TP because the 
dissolved forms are more indicative of bioavailable nutrients.  Multiple regression 
analysis with fully stepwise selection procedure was used to identify and model the 
strongest predictor variable(s) of microcystins.  The model discarded several variables 
which had no effect or lowered the regression coefficient (R
2
) and only retained those 
which could explain variance within the microcystin data.   
Results and Discussion 
Amplification efficiency and quantification of cell equivalents 
Real-time quantitative PCR (qPCR) was used to enumerate total Microcystis cells 
based on c-phycocyanin (PC) gene equivalents.  A second qPCR assay (mcyE) was 
required to enumerate potential microcystin-producing cells because not all strains 
produces toxins and the toxic and nontoxic genotypes are indistinguishable from each 
other based on morphology (Otsuka et al., 2000).  While the community of Microcystis 
cells is dynamic, with a portion likely undergoing binary fission at any given time, the 
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fraction of toxigenic cells (mcyE equivalents) only exceeded the total population (PC 
equivalents) on three occasions, even after accounting for the slightly lower amplification 
efficiency of the mcyE assay.  In reality, it is impossible to have more toxic cells than 
total cells, but since the few exceedances were all within 5% of the total Microcystis 
population size, they were explained as inter-assay and natural variability of three 
particularly toxic blooms that were all ~100% toxigenic.  
Statistical applications 
Multiple regression analyses indicated that total and toxigenic Microcystis cell 
equivalents were generally predictive of the microcystin content of a given sample (Table 
3.1 and Figure 3.2).  However, chl a (Adj. R
2
 = 0.83, p<0.0001) was a better predictor of 
microcystin variance than qPCR assays enumerating total Microcystis (PC) equivalents 
(Adj. R
2
 = 0.61, p<0.0001), and highly comparable to qPCR assays enumerating 
toxigenic Microcystis (mcyE) equivalents (Adj. R
2
 = 0.85, p<0.0001).  This finding may 
be explained by the fact that, even though Microcystis is the dominant phytoplankter 
comprising these blooms (up to 95% of total phytoplankton biomass), there are other 
potential microcystin producing cyanobacteria that co-occur in the lake during this period 
(Chen et al., 2003).  Although site specific measurements of wind speed and direction 
were unavailable, this information would have provided additional resolving power for 
the model by allowing the depth of mixing for each site to be calculated (the Wedderburn 
number), which would allow examination of the water column stability at a given depth 
(Walsby et al., 2003).  This is important because Microcystis spp. are well adapted to 
high light conditions (Paerl et al., 2001) and would be expected to occur in higher 
densities in protected regions of the lake where water column stability is greatest. 
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The presence of other microcystin producing CHAB genera should strengthen the 
relationship between chl a and total microcystins and weaken the relationship between 
total Microcystis and microcystins.  Clusters of another potential microcystin producing 
cyanobacterium, Anabaena spp., were observed in 29.5% of samples collected (n = 96).  
The individual filaments occurred as either long and generally straight (relaxed coils) 
similar to A. flos-aquae, or as tightly coiled filaments similar to A. circinalis (Figure 3.3).  
To a lesser extent, a third common microcystin producer, Planktothrix sp., has been 
reported at times to comprise a portion of the summer cyanobacterial community (Wang 
et al., 2010), although it was rarely observed in the present study.  In addition to 
producing microcystins, some strains of Anabaena spp. also possess the genes to produce 
potent neurotoxins.  The possibility exists that N-reduction strategies aimed at reducing 
eutrophication in Taihu could lead to a community shift from Microcystis spp. dominance 
to one of N2-fixing Anabaena spp. dominance.  Previous work on Taihu (Chen et al., 
2003) suggested that Anabaena would likely be more plentiful in the lake center relative 
to Microcystis due to its diazotrophic capability.  However, the samples collected in this 
study indicated that the Anabaena distribution and abundance in Taihu is generally 
limited to nutrient replete areas of the lake.  The absence of requisite heterocysts for N2-
fixation in all Anabaena observed suggests that these filaments were using available 
combined nitrogen, as opposed to N2, to support their growth.  Similar to Microcystis, 
Anabaena filaments are positively buoyant, and therefore light limitation is not likely a 
factor controlling its growth.  Microcystis and Anabaena are capable of luxury P uptake 
and storage, and both possess alkaline phosphatases enabling the additional utilization of 
organic P, therefore phosphorus limitation is unlikely to promote the growth of one genus 
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over the other (Shen and Song, 2007).  Additionally, blooms of either filamentous or 
colonial cyanobacteria are not usually controlled by zooplankton because they are poor 
sources of nutrition and their large sizes make them resilient to heavy population losses 
by grazing (Paerl et al., 2001; Ghadouani et al., 2003).  One possibility for the inability of 
Anabaena spp. to establish dominance in the lake is that Microcystis spp. may secrete 
allelopathic compounds which lower the fitness of nearby Anabaena populations.  For 
instance, microcystin-LR has been shown to inhibit photosynthesis in a variety of 
phytoplankton (Leflaive and Ten-Hage, 2007), and Microcystis also produces many other 
potentially inhibitory secondary metabolites, such as aeruginosins and microviridins, 
which have unknown ecological functions.  Overall, it remains unclear why Anabaena 
did not grow well in the center of the lake, where it would have had little competition 
with Microcystis, since both DTN and DTP were on average only present in low 
concentrations (2.64 mg l
-1
 and 0.02 mg l
-1
, respectively), throughout the study period.  
Currently, work is underway to determine the cyanotoxic potential of other cyanobacteria 
populations in Taihu. 
From these data, a regression equation to estimate the microcystin concentration 
of a given sample based on chl a concentration was empirically derived as: 
[eq. 1]  MCs = 0.01021 + 0.07965(Chl a) 
Where: MCs = total microcystins (µg l
-1
) and Chl a = total chlorophyll a (µg l
-1
). 
Figure 3.2 contains individual linear regressions displaying the strength of 
associations between total microcystins with chl a, total Microcystis cell equivalents (PC 
assay) and toxigenic Microcystis cell equivalents (mcyE assay).  
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Microcystis toxigenicity 
On a lake-wide scale, the relative proportion of mcyE possessing Microcystis 
declined as water temperature increased (r = -0.25, p = 0.018).  Likewise, total 
microcystins decreased, even though the total Microcystis abundance was not necessarily 
reduced, as high cell concentrations were could be found at all water temperatures (21 – 
31°C).  While temperature was not a primary driver of biomass, it still played a role in 
niche partitioning of the different Microcystis morphospecies.  The summer blooms were 
made up of at least four different Microcystis morphospecies (i.e., unique colony 
morphologies).  These co-occurred throughout the study period, with two having 
toxigenic potential (M. aeruginosa and M. flos-aquae) and two always being nontoxic 
(M. ichthyoblabe and M. wesenbergii) based on whole-cell PCR genotyping of individual 
colony isolates (Otten et al., 2010).  Levels of microcystin expression are highly variable 
according to environmental conditions and individual genotype, therefore it is possible 
for a site to have a relatively low concentration of Microcystis yet produce significant 
amounts of microcystins, or have a high concentration of Microcystis but be nontoxic (El 
Semary, 2010; Orr and Jones, 1998).   
Microcystis distribution patterns 
Figure 3.1 displays the relative proportions of Microcystis abundances across the 
lake based on qPCR derived total and toxigenic Microcystis cell equivalents from all 
sampling sites and sampling transects.  The figure illustrates that Microcystis abundance 
was not uniformly distributed across the lake.  For instance, the northwestern sample site 
(Zhushan Bay) contributed 41.4% of the total Microcystis biomass relative to all 
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sampling sites, whereas the lake center and the drinking water intake sites only accounted 
for 4.4% and 2.9% of the total Microcystis biomass, respectively.  Fortunately, 
accumulation of Microcystis in the northeastern region of the lake (Gonghu Bay), where 
the drinking water intake for the city of Wuxi is located, is generally restricted by the 
bay‟s short hydraulic residence time owing to a Yangtze River diversion (Wangyu River) 
flowing into the lake (Zhai et al., 2010).  However, the high proportion of toxigenic 
Microcystis cells detected in this region of the lake highlights the potential for the 
reoccurrence of toxic Microcystis blooms, such as those that occurred during the 2007 
drinking water crisis (Guo, 2007), if the hydrology is changed and the water is allowed to 
stagnate (e.g., droughts).  Comparisons of the physical and chemical properties inherent 
to different sites enables the assessment of the factors promoting Microcystis growth, as 
well as those variables selecting for toxigenic strains over nontoxic ones.  For instance, 
the high Microcystis biomass observed in Zhushan Bay (Northwest) can be explained by 
the fact that this area is fed by four nutrient replete rivers ensuring the growing bloom 
receives adequate nutrient replenishment.  Relative to lake wide averages, Zhushan Bay 
had 17% greater DTN and 100% greater DTP concentrations.  The prevailing dogma for 
many years was that P availability was the major driver of freshwater cyanobacterial 
growth because N2-fixers would provide the lake‟s nitrogen needs if concentrations were 
too low (Shindler, 1977).  However, there are exceptions to the rule as N availability, 
particularly in the summer, frequently limits or co-limits phytoplankton production and 
bloom formation in many freshwater systems (Lewis and Wurtsbaugh, 2008; Paerl and 
Scott, 2010).  In Lake Taihu, the overabundance of P relative to N during the summer 
months in the regions of the lake with the greatest Microcystis concentrations indicates 
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that nitrogen availability primarily controls phytoplankton growth (Xu et al., 2010; Paerl 
et al., 2011).  In addition to nitrogen replenishment from river inputs, Microcystis 
assemblages in highly productive Zhushan Bay benefit from a relatively stable water 
column due to wind buffering by the adjacent shoreline.  Zhushan Bay also has a longer 
hydraulic residence time than most parts of the lake, owing to a weak counter clockwise 
current that entraps the water and facilitates accumulation of the otherwise slow growing, 
buoyant Microcystis colonies within the bay (Qin, 2008).  Even though Microcystis 
biomass was higher in Zhushan Bay compared to the rest of the lake, the average 
percentage of toxigenic cell equivalents there (41.4%) was comparable to the lake wide 
average (36.2% ± 12.3%).  In contrast, the low Microcystis biomass near the drinking 
water intake throughout the duration of this study was encouraging from an 
environmental health perspective, although the average proportion of toxigenic to 
nontoxic Microcystis (60.8%) was higher there than at all but one other site.  Even in 
samples with high chl a concentrations, the percentage of toxigenic Microcystis was 
generally observed to be ~40%, with the occasional possibility for blooms to be ~100% 
toxic, as well as instances in which they were completely nontoxic.   
Factors controlling toxigenicity 
Turbidity and the depth of light penetration are predicted to exert a controlling 
effect on microcystin production, as cells exposed to high light intensities have been 
shown to upregulate microcystin biosynthesis (Kaebernick et al., 2000; Tonk et al., 
2005).  The rationale is that buoyant Microcystis cells will undergo photoxidative damage 
from prolonged exposure to high irradiance.  As a result, microcystin transcription will be 
upregulated because they are theorized to provide intracellular protection of 
 51 
 
 
phycobilisome proteins against reactive oxygen species generated by photodegradative 
processes (Zilliges et al., 2011).  In contrast, regions of the lake such as the lake center, 
that are continually exposed to wind induced mixing should be composed of less toxic 
strains of Microcystis because the cells are unable to maintain their position at the water‟s 
surface and therefore are not exposed to high irradiance.  This hypothesis is further 
supported by the finding that nontoxic strains of Microcystis are able to routinely 
outcompete toxic strains of Microcystis when light is a limiting factor (Kardinaal et al., 
2007).  The well mixed lake center was therefore predicted to be dominated by diatoms 
and green algae due to their lower critical light intensities required for growth relative to 
Microcystis (Mur et al., 1977; Jungo et al., 2001).  Under this light-limitation scenario, 
diatoms and/or green algae dominance is predicted; even under low (non-saturating) N 
and P concentrations which generally favor cyanobacteria, and particularly those capable 
of N2-fixation (Smith, 1983).  This hypothesis was refuted; however, based on HPLC 
analyses of photopigments diagnostic of major algal groups present in samples collected 
at the lake center.  These data indicated that diatoms (fucoxanthin) and green alga 
(chlorophyll b) were on average ~15x and ~8x less abundant than their lake wide 
averages.  The low Microcystis biomass in the lake center, as well as the high ratio of 
nontoxic to toxigenic cells, is inadequately explained solely by physical processes such as 
wind induced mixing and the cells‟ inability to maintain their position at the air-water 
interface. The other critical variable potentially exerting community level control at this 
site was the low average TP and DTP concentrations; 0.051 mg l
-1
P and 0.016 mg l
-1
P, 
respectively.  Microcystis is a strong competitor under low P conditions due to its high 
Vmax for phosphorus uptake and capacity to accumulate and store excess P in the form of 
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polyphosphates (Kromkamp et al., 1989).  Its presence in such low concentrations at the 
lake center suggests that P concentrations were too low to sustain high densities of any 
phytoplankton group. 
Even though nitrogen deficiency has been shown to incite a greater stimulatory 
effect on microcystin expression than phosphorus deficiency (Arunpairojana et al., 2001), 
nutrient conditions were expected to be replete and not play a role in selecting toxigenic 
strains over nontoxic Microcystis populations in a hypertrophic lake such as Taihu.  
However, not all regions of the lake were equally nutrient replete, which may explain the 
observed differences in phytoplankton community composition, densities and 
distributions across the lake.  Previous experiments using batch cultures have 
demonstrated that nontoxic strains of Microcystis tend to out-compete toxigenic strains 
under low nutrient or low light conditions (Zilliges et al., 2011; Vezie et al., 2002).  To 
our knowledge, these findings have yet to be corroborated in Microcystis blooms 
occurring in natural lake settings.  In Lake Taihu, nutrient concentrations were observed 
to not only impact microcystin production, but also the Microcystis community structure 
with regard to toxigenicity.  Greater N and P availability, both as absolute concentrations 
and lower N:P ratios, favored growth of toxigenic Microcystis strains.  Regions of the 
lake with high N:P ratios and low DTP concentrations were considerably less toxic in 
regard to both measured total microcystins, as well as the relative proportions of 
toxigenic to nontoxic cells. 
With regard to microcystin biosynthesis, maximal rates tend to coincide with 
periods when cell growth rates are maximized.  In this case, the ratio of N:P may be more 
important than the absolute concentration of either N or P, since maximum microcystin 
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production frequently occurs when N:P ratios are approximately 16:1 (Lee et al., 2000).  
This N:P ratio, commonly termed the Redfield Ratio, reflects the ratio needed for 
balanced growth of photoautotrophs (Oliver and Ganff, 2000; Redfield, 1958).  This may 
explain why blooms tend to be more toxic at their onset, when nutrients are replete, and 
become progressively less toxic over time as nutrients are depleted.  This would be 
expected if microcystin production is metabolically expensive and does not play a critical 
cellular role.  Although an alternative hypothesis explaining this trend could be that as the 
spring transitions into summer, the cells become photoacclimated by adjusting their 
pigment contents, and as a result, photoinhibition is limited thereby reducing the need for 
protective intracellular microcystins.   
A closer look at the average nutrient ratios for the three stations along the western 
shore and the lake center provides a comparison between two highly toxigenic sites with 
two generally nontoxic sites (Figure 3.1 and Table 3.2).  One difference between these 
two groups was that water temperatures were on average 1-2°C warmer at the high 
Microcystis biomass sites (1 and 2).  These sites were also characterized by their 
abundant N and P relative to lake-wide averages.  The higher average total microcystins 
measured at these two sites is predicted by equation 1 based on their higher average chl a 
content.  This is in stark contrast to sites 3 and 4, which were predominantly nontoxic 
with below average Microcystis biomasses and were characterized by low P 
concentrations relative to the lake average.  Based on these differences in nutrient ratios, 
it is proposed that at sites 1 and 2, a stable water column and nutrient replete conditions 
stimulated and maintained the Microcystis blooms, and these same conditions promoted 
the growth of the otherwise less competitive toxigenic strains.  At sites 3 and 4, for the 
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reasons stated above, Microcystis growth was limited and consisted almost entirely of 
nontoxic strains.  In fact, the most toxic Microcystis morphospecies, M. aeruginosa, was 
never observed in the lake center and was only detected once at site 3 (Otten et al., 2010).  
For the Microcystis cells which were able to survive in these locations, they did so under 
both low light and low nutrient conditions.  Although the mechanistic explanation is 
unclear, these findings corroborate previous experimental manipulations which found 
nontoxic Microcystis strains better competitors under both light limited and nutrient 
depleted conditions (Zilliges et al., 2011; Vezie et al., 2002; Li and Li, 2011).  The most 
plausible physiological explanation is that microcystin biosynthesis is metabolically 
costly for the cells; therefore toxigenic strains are limited to nutrient replete regions of the 
lake.   
Application of study findings to development of a water safety plan in Taihu 
Direct measurement of cyanotoxins (e.g., ELISA or HPLC) remains the “gold 
standard” for assessing the impact of CHABs on drinking water supplies.  The 
widespread use of PCR technologies allows researchers to rapidly and unequivocally 
identify bloom forming genera before they reach problematic concentrations.  In this 
study, it was shown that enumeration of total and toxigenic Microcystis cells by qPCR 
can be used to predict the total microcystin content of water samples in Lake Taihu.  
However, an equally sensitive (relative to the mcyE assay) and much simpler metric, chl 
a, was identified as a useful predictor of microcystin variance in the lake.  Considering 
that drinking water utilities often lack the resources and expertise to conduct biochemical 
and molecular analyses on raw waters, it is recommended that chl a measurements be 
routinely taken to estimate microcystin concentrations as the first step (hazard 
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identification) in a comprehensive water safety plan for Lake Taihu (Chorus, 2005).  A 
pilot study will need to be conducted to determine what the action limit should be for the 
water utility based on the percentage of microcystins that are removed through their 
normal treatment process, with an end goal of less than 1.0 µg l
-1
 total microcystins in the 
finished drinking water.  If this target is unachievable based on standard treatment 
procedures, targeting the removal of intact Microcystis cells would be the next logical 
step, because intracellular microcystins will account for the bulk of total microcystins in 
intact cells.  Physical removal of Microcystis prior to disinfection has been shown to be 
particularly effective at removing much of the toxin load (Drikas et al., 2001; Schmidt et 
al., 2002).  However, because Microcystis is positively buoyant, standard coagulation, 
flocculation and sedimentation techniques are only mildly effective.  When dealing with 
buoyant algae, instead of adding coagulants to increase flocculation and sedimentation, it 
may be easier and more effective if the floc is maintained at the surface using dissolved 
air flotation techniques and cropped from the top (Hrudley et al., 1999).  Whichever 
methods are utilized, the goal should be to minimize cell lysis while maximizing cell 
removal.  Throughout this process, the extracellular portion of microcystins will 
generally not be reduced, and may actually increase depending on the mechanical forces 
exerted on the cells and how long they are handled during removal.  The dissolved 
extracellular toxins may be present in low enough concentrations not to warrant any 
additional treatment processes, as chlorination can achieve moderate microcystin 
deactivation of the remaining microcystins depending on the water temperature, pH, 
concentration of hypochlorite and contact time (Acero et al., 2005).  However, since all 
water safety plans are specific to the water body and the treatment processes utilized, if 
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the microcystin concentration in the finished drinking water exceeds 1.0 µg l
-1
, then it 
becomes necessary to remove them via advanced treatment processes, such as ozonation 
or filtration through powdered activated carbon (Cook and Newcombe, 2008; Miao et al., 
2010).  These advanced treatment processes can be ceased once the microcystin 
concentrations are again below the tolerable daily intake level (TDI).  This approach 
limits the cost of these more expensive treatment processes, while minimizing public 
health risk from microcystins in drinking waters.  It is unclear to what extent 
microcystins may be entering the drinking water distribution system.  Only one peer-
reviewed study was identified that measured microcystins in finished drinking water from 
Lake Taihu, and it came from a period spanning June – November, 2005 (Zhang et al., 
2009).  The reported microcystin concentrations ranged from 0.059 – 0.657 µg l-1.  
Although these values were below the World Health Organization‟s TDI limit, specifics 
such as sampling frequency, location, and how the samples were collected and processed 
were not detailed.  In any event, the combination of chronic low level exposure to 
microcystins in drinking water, and the potential for supplemental dietary intake of 
additional microcystins through the ingestion of seafood, raises the public health risk for 
the general population, and especially for infants and individuals with pre-existing liver 
conditions (e.g., infection with Hepatitis B or exposure to aflatoxins) (Kensler et al., 
2003).   
Conclusions 
Toxigenic Microcystis was detected at all sampling sites using quantitative PCR, 
although the density and composition of the phytoplankton assemblages were 
heterogeneous in time and space.  The identification of a simple metric, such as chl a 
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concentration, is an easily executed and rapid way for Taihu water managers to estimate 
the microcystin content of lake samples collected during the problematic summer months.  
Moreover, the implementation of a water safety plan is recommended due to the 
abnormally high prevalence of microcystin associated diseases endemic to the area.  
Finally, nutrient availability and ratios appeared to control bloom densities, as well as 
Microcystis toxicity, with replete conditions favoring toxigenic strains.  The lake center 
was anomalous to other more productive sites sampled, as low P availability limited all 
phytoplankton growth there.  Additionally, the high N:P ratio and low light availability at 
this site appeared to select for a predominately nontoxic Microcystis population.  
Therefore, nutrient reduction strategies aimed at lowering total nitrogen inputs to the lake 
should also include phosphorus input reductions due to their co-limiting roles and the 
finding that low N:P ratios (i.e. sufficient DTN and DTP) were more likely to promote 
toxigenic Microcystis strains. 
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Table 3.1: Multiple regression model with stepwise selection procedure displaying 
variables significantly correlated with measured microcystin concentrations in lake wide 
samples (n = 96) collected 2009-2010.  
Variable 
Individual 
Adj. R
2
 Model R
2
 Adj. R
2
 
Toxic Microcystis cell eqv. (mcyE) 0.8499 0.8500 0.8483 
Chlorophyll a 0.8338 0.8566 0.8532 
Total Microcystis cell eqv. (cpcA) 0.6118 0.8592 0.8542 
Dissolved Oxygen 0.0189 0.8619 0.8552 
pH 0.0187 0.8647 0.8565 
 ‡ Model p-value < 0.0001 
   Dropped from model: temperature, dissolved total nitrogen, dissolved total phosphorus, 
turbidity, wind direction and wind speed 
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Table 3.2: Comparison of site specific average (mean ± SD) water quality parameters measured during the summers of 2009 
and 2010. Sites (1) and (2) = high Microcystis biomass and toxigencity (mcyE possessing). Sites (3) and (4) = low Microcystis 
biomass and toxigenicity (mcyE possessing). 
Sample Site 
Temp  
(°C) 
Ratio 
TN:TP 
Ratio 
DTN:DTP 
 DTN    
(mg l
-1
) 
DTP       
(mg l
-1
) 
Chl a               
(µg l
-1
) 
MCs    
(µg l
-1
) 
Toxic 
(%)  
Turbidity 
(NTUs) 
(1) Northwest (n = 12) 26.4 ± 3.1 17:1 29:1 3.62 ± 0.91 0.12 ± 0.10 192.1 ± 359 28.7 ± 6.6 42.6 26.4 ± 9 
(2) West (n = 12) 26.8 ± 3.0 18:1 40:1 3.62 ± 0.86 0.09 ± 0.03 97.1 ± 92 8.2 ± 0.8 44.6 47.6 ± 23 
(3) Southwest (n = 12) 25.7 ± 3.0 50:1 144:1 2.56 ± 1.00 0.02 ± 0.01 8.6 ± 9 1.1 ± 0.1 11.1 34.8 ± 18 
(4) Lake Center (n = 12) 25.1 ± 3.1 58:1 132:1 2.64 ± 0.79 0.02 ± 0.01 7.1 ± 4 0.4 ± 0.1 15.5 23.9 ± 12 
All Sites (n = 96) 26.3 ± 3.0 23:1 49:1 3.09 ± 1.06 0.06 ± 0.06 56.1 ± 148 6.4 ± 1.2 36.2 32.7 ± 20 
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Table 3.3: QPCR oligonucleotides, probes and optimal cycling conditions 
Oligo            Sequence (5' - 3') 
Thermocycler 
Settings Source 
PC-188F……………GCTACTTCGACCGCGCC 120 sec at 95°C, 
then 45X 94°C for 
15 sec and 60°C 
for 45 sec 
Kurmayer, 2003 
PC-245R……………TCCTACGGTTTAATTGAGACTAGCC Kurmayer, 2003 
PC-Probe…………...[6FAM]-CCGCTGCTGTCGCCTAGTCCCTG-[BHQ1] Kurmayer, 2003 
mcyE-F2…………...GAAATTTGTGTAGAAGGTGC 120 sec at 95°C, 
then 45X 94°C for 
15 sec and 56.5°C 
for 60 sec 
Vaitomaa, 2003 
MicmcyE-R8……….CAATGGGAGCATAACGAG Vaitomaa, 2003 
mcyE-Probe………..[6FAM]-AAACCTAGCTTTCTTGATG-[BHQ1]-AGACAAAAACTC This study 
SKETA-F2…………GGTTTCCGCAGCTGGG 120 sec at 95°C, 
then 45X 94°C for 
15 sec and 60°C 
for 30 sec 
Haugland, 2005 
SKETA-R…………..CCGAGCCGTCCTGGTCTA Haugland, 2005 
SKETA-Probe………[6FAM]-AGTCGCAGGCGGCCACCGT-[BHQ1] Haugland, 2005 
Where [6FAM] = 6-carboxyfluorescein and [BHQ] = Blackhole Quencher Dye® 
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Table 3.4: Plasmid construct DNA sequences for QPCR standard curves (FASTA format) 
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Figure 3.1: Real-Time quantitative PCR (qPCR) based measurements of site-specific 
proportions of toxigenic (mcyE possessing) and nontoxic Microcystis cell equivalents 
from the 2009-2010 monitoring period (n = 96). The size of each pie graph is 
representative of each individual sampling site‟s total Microcystis population (total cpcA 
gene equivalents) relative to the total Microcystis population measured from all sites.  
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Figure 3.2: Linear regressions displaying the strength of association between total 
microcystins with (A) total chlorophyll a, (B) the qPCR derived total Microcystis 
population (c-phycocyanin gene equivalents), and (C) the qPCR derived toxigenic 
Microcystis population (mcyE gene equivalents) from all sampling sites (n = 96). 
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Figure 3.3: Microscope images (x40 magnification) of two different Anabaena 
morphospecies in Lake Taihu 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Chapter 4:  
Lying in wait: Will Lake Taihu N reductions shift community composition away from 
Microcystis dominance and toward toxin-producing diazotrophs? 
 
Introduction 
In recent years, much attention has been given to the dense, hepatotoxic 
Microcystis spp. blooms that annually engulf large regions of Taihu; China‟s third largest 
freshwater lake (Guo, 2007; Tan et al., 2009; Qin et al., 2010; Wilhelm and Boyer, 2011; 
Otten et al., 2012).  Taihu is situated in the middle of China‟s most populated province, 
Jiangsu, and provides the economic livelihood - as well as food and drinking water - to 
millions of people.  Due to the ongoing water quality issues in the lake, the Chinese 
provincial governments are developing a nutrient reduction strategy in an effort to 
mitigate the frequency, severity and duration of these blooms.  Various engineering 
approaches have already been employed, including dredging the lake bottom to remove 
phosphorus bound sediment and the construction of a canal used to divert the Yangtze 
River into the lake in order to flush out Microcystis spp. and reduce the hydraulic 
residence time.  Although such approaches may slow bloom proliferation or provide short 
term mitigation during severe bloom events, they are not a long-term solution to the 
problem.  Several studies have now been completed characterizing the distribution, 
toxigenicity, community composition and environmental factors driving the bloom 
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events.  These data indicate that in Taihu, a dual nitrogen (N) and phosphorus (P) 
reduction strategy should be enacted (Xu et al., 2010; Paerl et al., 2011).  While P inputs 
may be the easiest and cheapest to control, the vast P deposits already in the lake may 
take decades before significant reductions are observed.  Therefore, N reductions will 
likely have the greatest impact on Microcystis abundances across the lake in the short-
term. 
Although Microcystis is the dominant phytoplankter during the warmer months, 
Anabaena is often present in the lake and there are times in which dense Anabaena 
blooms form.  Other potentially toxic filamentous cyanobacteria have also been observed 
during this time period, including; Aphanizomenon sp. and Planktothrix sp., albeit at 
much lower densities.  One unintentional effect of any nutrient management strategies, 
particularly N reductions, is that the phytoplankton community may shift in favor of 
diazotrophic cyanobacteria (Smith, 1983).  While any reduction of Microcystis biomass 
in the lake will be an improvement; a risk assessment characterizing the potential toxicity 
of cyanobacterial genera likely to supplant the niche vacated by Microcystis spp. should 
be conducted.  Similar to Microcystis, the genera Planktothrix, Anabaena and 
Aphanizomenon all contain toxigenic strains capable of producing microcystins (MC), 
however, these genera may also produce cylindrospermopsin (CYL), anatoxin-a (ANTX) 
and saxitoxin (STX), (Viaggiu et al., 2004; Halinen et al., 2007; Bláhova et al., 2008; Al-
Tebrineh et al., 2010; Rantala-Ylinen et al., 2011; Wiese et al., 2010) making them even 
more of an environmental health concern.  All four toxin groups have the potential to 
cause human and animal intoxication and death if ingested, although to date only 
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Microcystis and its secondary peptides, microcystins, have been evaluated in Lake Taihu.  
In this study, molecular and biochemical methods were employed to characterize the 
toxigenicity of common filamentous cyanobacterial genera in Lake Taihu, which to date 
has not been investigated.
Methods 
Sample Collection & Culturing 
Twelve sampling transects encompassing the entire northern half of Lake Taihu 
were conducted between June 22 – July 27, 2009 and June 3 – June 21, 2010.  During 
each transect, whole water column, depth integrated samples were collected by a 2-m 
long, 10-cm wide tube with a one way valve from each of eight sample sites (n = 96 
samples total) and from any visible blooms encountered (n = 16) (Figure 4.1).  Samples 
were immediately transported to the laboratory and 10 – 100 ml was filtered onto 
Whatman (NJ, USA) GF/F filters (25 mm) for chlorophyll a (chl a) analysis by high 
performance liquid chromatography (HPLC) and onto Pall (MI, USA) Supor-200 
membrane filters (47 mm, 0.2 µm) for subsequent DNA extraction.  All samples were 
maintained at -20°C until further processing.  Each environmental sample was viewed 
and photographed under a Zeiss (NY, USA) Axiovert 135 inverted microscope at x40 and 
x200 magnifications.  Samples containing filamentous cyanobacteria were noted and 
used in subsequent toxin gene screening PCR assays. 
One set of grab samples was also collected and concentrated by a 20 µm plankton 
net near the Taihu Lake Laboratory Ecosystem Research Station (TTLER) in Meiliang 
Bay on October 19, 2011.  The concentrate was immediately transported back to the 
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laboratory and a portion was filtered onto Supor-200 membrane filters (47 mm, 0.2 µm) 
and stored at -20°C until further processing.  Cyanobacterial filaments were also 
individually picked out and diluted in sterile DI water using a inverted microscope and 
sterile micro-tip Pasteur pipettes.  Each filament was placed into separate wells of a 96-
well titer plate containing 150 µl per well of Z8 media with and without N (Rippka, 
1988).  Plates were grown in an incubation chamber under cool white/grow lux 
fluorescent lights (30 µmol m
-2
 s
-1
 photons) at 25°C.  The purity of wells were verified 
under the microscope prior to being transferred into 50 ml sterile Erlenmeyer flasks 
containing the same media and maintained under the conditions above.  Overall, four 
morphologically distinct filamentous strains were isolated and cultured (Figure 4.2).  
Each culture was photographed under x200 magnification using a Nikon E800 
microscope fitted with an Olympus DP71 camera and Image Pro (v6.2) software. 
PCR amplification & Genotyping 
The four cultures were harvested by centrifugation (2 min at 9,740 x g) and 
decanted of supernatant.  The resulting pellet was extracted with a GeneRite RWo3C kit 
per the manufacturer‟s instructions.  The 16S-23S rDNA-ITS region of each isolate was 
PCR amplified in 50 µl volumes containing: 2 µl DNA (~10 ng), 25 µl 2X EconoTaq 
Master Mix (Lucigen) 2 µl CSIF primer (10 µM), 2 µl ULR primer (10 µM), and 8 µl 
sterile dH2O.  The forward primer (CSIF) amplified within the 16S ribosomal gene and 
the reverse primer (ULR) within the 23S ribosomal gene (Janse et al., 2003).  Reactions 
were run on a Techne (NJ, USA) TC-512 thermal cycler with the following cycle 
parameters: initial denaturation at 94°C for 2 min, followed by 20 cycles of 94°C for 1 
min, 1 min annealing step with TA decreasing 0.5°C each cycle from 62°C to 52°C, and 
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extension steps of 1 min at 72°C; followed by 10 cycles of 94°C for 1 min, 52°C for 1 
min and 72°C for 1 min and a final elongation step of 5 min at 72°C.  Twenty-five 
microliters of each PCR was run on a 1% agarose gel for 75 min at 75V in order to purify 
the DNA and verify the amplicons were of the expected size.  DNA bands were excised 
with sterile scalpels and purified with a QIAquick gel extraction kit (Qiagen, CA, USA) 
per the manufacturer‟s instructions.  The DNA was ligated into a pCR2.1 TOPO vector 
(Invitrogen, CA, USA) and transformed into chemically competent TOP10 E. coli per the 
manufacturer‟s instructions.  The transformation was plated on LB plates containing 50 
mg ml
-1
 X-gal and 40 µg ml
-1
 kanamycin and grown overnight at 37°C.  Twelve white 
colonies were randomly selected from each plate, individually streaked on LB plates 
containing 40 µg ml
-1
 kanamycin and grown overnight at 37°C.  A portion of each E. coli 
streak was screened for the presence of the gene insert by colony PCR.  Eight verified 
positive transformants from each culture, and 32 transformants from each of the three 
environmental filters (n = 96) were forward sequenced using M13F primers on an 
ABI3130 DNA sequencer.  
Phylogenetic analysis 
Sequences obtained from the cultured and field samples were imported into 
Sequencher (v4.8) and contigs were assembled using the dirty data algorithm with a 
minimum match percentage of 99% and a minimum overlap of 20 bases.  Any 
ambiguities were manually corrected by viewing the individual chromatograms.  For the 
culture sequences, this process resulted in three unique contigs, whereas the net tow 
samples yielded 13 unique operational taxonomic units (OTUs) named Taihu Mix 1-13.  
The phylogeny of the resulting contigs, as well as all corresponding Anabaena and 
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Aphanizomenon 16S-23S rDNA ITS sequences present in GenBank and EMBL and two 
in-house cultures (an Aphanizomenon strain isolated from Lake George, FL and 
Anabaena flos-aquae (CPCC 064)), was determined by Bayesian inference using 
MrBayes v3.1.2.  Prior to analysis, each sequence was trimmed to 415 bp, which was the 
size of the shortest 16-23S rRNA ITS sequence of the group, and converted to Nexus 
format.  The phylogenetic analysis consisted of a general time reversible (GTR) 
substitution model with gamma distributed rate variation that was run for 2.1 million 
generations with a sampling frequency of every 10
th
 generation and an initial burn-in of 
40,000 trees.  The resulting consensus tree was viewed in Archaeopteryx (Phylosoft) 
(Figure 4.3). 
All sequences were deposited into the NCBI GenBank database under accession 
numbers JX072917 – JX072937. 
Toxin analyses 
Total (intracellular and extracellular) concentrations of cylindrospermopsin 
(CYL), microcystin (MC) and saxitoxin (STX) were measured from the four Taihu 
cultures using enzyme linked immunosorbent assays (ELISA) per the manufacturer‟s 
(Abraxis) instructions.  Prior to analysis, 10 ml of each culture was pipetted into 50 ml 
glass scintillation vials and subjected to three freeze-thaw cycles and then placed in an ice 
bath and sonicated for one minute at 40% amplitude.  Cellular debris was removed using 
disposable pipettes and filtering tips from an Abraxis QuikLyse kit.  Following the 
incubations, the titer plates were read on a Thermo MultiSkan Spectrum plate reader at 
450 nm.  Immediately upon collection a stabilizer was added to the saxitoxin samples per 
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the manufacturer‟s directions (Abraxis) due to its instability in freshwater.  All samples 
were measured in quadruplicate.  Samples were run at two different dilutions (1:1 and 
1:100).  The limits of detection for the assays were: 0.040 µg l
-1
, 0.10 µg l
-1
, 0.015 ng ml
-
1
for CYL, MC and STX, respectively. 
The results of the ELISA toxin measurements were also related back to the 
chlorophyll a (chl a) content of each sample at the time of collection based on high 
pressure liquid chromatography (HPLC) analysis as previously described in order to be 
able to determine the toxin content per unit of algal biomass (Pinckney et al., 2001).  
Toxin gene screening 
DNA was extracted from the environmental samples filtered onto Supor-200 
membrane filters using a GeneRite RWo3C kit per the manufacturer‟s instructions.  Prior 
to extraction 100 ng of chum salmon sperm (Oncorhynchus keta) was spiked into each 
extraction vial as an external control to assess for PCR inhibition (Haugland et al., 2005).  
A DNA extraction control consisting of 100 ng salmon sperm DNA and a Supor-200 
filter was extracted in this same manner.  All environmental samples and the extraction 
positive control were first PCR amplified with primers (sketa-F2 + sketa-R) specific to 
the external control.  The PCR products were run on a 1% gel for 60 min at 75V, stained 
with EtBR and viewed under UV260 light.  Successful amplification and a similar relative 
intensity (fluorescence) as the extraction positive control indicated that the reactions were 
not inhibited.  DNA from the environmental samples and from the four isolated cultures 
was molecularly screened by PCR amplification targeting genes involved in 
cyanobacterial toxin biosynthesis, the primer targets included: an anatoxin-a gene 
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(anaC); multiple cylindrospermopsin genes (aoaA, aoaB, aoaC, cyrA, cyrJ, pks and ps); a 
microcystin gene (mcyE); and a saxitoxin gene (sxtA).  The primers and optimal 
annealing temperatures (TA) are described in Table 4.1.  The thermal cycling conditions 
were as follows: initial denaturation at 94°C for 2 min, followed by 30 cycles of 94°C for 
30 sec, 1 min at primer specific TA, 1 min at 72°C and a final elongation step of 5 min at 
72°C.  As before, the reactions were carried out in 50 µl volumes, each containing: 2 µl 
DNA (~10  ng), 25 µl 2X EconoTaq Master Mix (Lucigen) 2 µl forward primer (10 µM), 
2 µl reverse primer (10 µM), and 8 µl sterile dH2O.  DNA extracted from M. aeruginosa 
(PCC 7806) was used as a microcystin-producing positive control strain and DNA from 
Oscillatoria sp. (PCC 6506) was used as an anatoxin-a, cylindrospermopsin and 
saxitoxin-producing positive control strain for the PCR assays. 
Results 
Morphological Observations 
Individual filaments were isolated, cultured and characterized morphologically 
using traditional metrics such as filament length and width, heterocyst and akinete shape 
and size, and the overall shape of the individual filaments (e.g., straight, loosely coiled, 
tightly spiraled, etc.) (Komárek, 2010).  Based on these criteria, at least three different 
heterocystous Nostocaceae and one non-diazotrophic Oscillatoriaceae morphospecies 
were tentatively identified (Figure 4.2).  Specifically, two potentially different Anabaena 
morphospecies were observed; Anabaena Isolate 1 was characterized as 
monofilamentous (non-colony forming) with short, straight trichomes ranging from 60 – 
500 µm in length and 8 – 10 µm in diameter, possessing round heterocysts and oval 
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akinetes, possibly An. cylindrica; whereas Anabaena Isolate 2 consisted of straight and 
longer (0.3 – 2.0 mm) trichomes of comparable diameter (6 – 8 µm), round heterocysts 
and slightly smaller oblong akinetes; possibly An. oscillaroides.  Although similar in 
appearance, this strain formed dense colonies in culture, which was one of the key 
features besides its length that separated it from Anabaena Isolate 1.  The 
Aphanizomenon isolate characterized by its minimally tapered and elongated ends, 
medium length (50 – 500 µm) and thin diameter (4 – 6 µm) trichomes and round 
heterocysts; possibly Aph. ovalisporum.  Notably, this strain did not form filament 
bundles typical of many naturally occurring Aphanizomenon spp. populations.  Finally, a 
non-heterocystous, non-akinete forming Oscillatoria strain was isolated with straight, 
long (0.8 – 3.0 mm) and relatively thick diameter (8 – 10 µm) trichomes, with non-
tapered and blunt (slightly rounded) ends; possibly Planktothrix isothrix (Komárek & 
Komárková, 2004). 
Phylogenetic inference based on 16S-23S rDNA 
The 16S-23S internal transcribed spacer (ITS) region is expected to be less 
affected by selection pressure due to the non-coding intergenic region which will 
accumulate more mutations than the highly conserved rRNA genes, as such; these 
regions were sequenced to resolve closely related cyanobacterial species/strains isolated 
from Lake Taihu (Tyrrell et al., 1997).  As expected, the ITS primer set yielded two sets 
of amplicons of varying size due to the presence of multiple operons within the ribosomal 
genes in filamentous cyanobacteria (Iteman et al., 2000; Iteman et al., 2002).  The 
Anabaena strains produced amplicons of 446 bp and 669 bp and the Aphanizomenon 
strain yielded amplicons of 415 bp and 700 bp.  This variation in amplicon length is 
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primarily due to differences in the type and number of tRNA genes in the cells.  While 
most gram negative bacteria contain tRNA
Ala
 and tRNA
lle
 genes, some contain only 
tRNA
Glu
, although other novel combinations exist (Maeda et al., 2000; Osorio et al., 
2005).  For this reason, the shorter amplicons were only utilized in the phylogenetic tree, 
although the longer amplicons were still compared by blasting in the NCBI Nucleotide 
database to provide further species/strain resolution.  The Planktothrix isolate yielded a 
633 bp 16S-23S rDNA ITS amplicon which was most closely related (93% sequence 
identity) to an uncultured Planktothricoides sp. clone (EF638725), indicating this strain 
may actually belong to this closely related genus instead.  However, since it was 
determined to be nontoxic and unlikely to become more established in the lake following 
N reductions due to its inability to fix atmospheric N2, it was not investigated further.  
The utility of the phylogenetic tree to provide species-level identification of the 
Taihu nostocacean isolates was somewhat limited by the availability of suitable 16S-23S 
rRNA ITS sequences in GenBank and EMBL.  Even so, the dendrogram provided useful 
information concerning the species most closely related to the isolates obtained in this 
study.  For instance, none of the Taihu isolates clustered within the An. circinalis or An. 
planktonica clades, even though these species share many common morphological 
features such as round heterocysts and oval akinetes.  Although the cultured Anabaena 
(Isolates 1 and 2) each possessed some unique features, based on phylogenetic inference 
the isolates were most likely of the same unresolved Anabaena species and most 
importantly, were not an Aphanizomenon species that was misidentified as Anabaena, 
which has occurred in the past (Fergusson & Saint, 2000; Stüken et al., 2009; Ballot et 
al., 2011).  The Taihu Aphanizomenon isolate cultured in this study was most closely 
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associated with a nontoxic Aphanizomenon sp. strain originally isolated from a Florida 
lake in 2003 (IMS-870; Lake George, FL).  The inferred phylogenies from the net tow 
(Taihu Mix 1-13) 16S-23S rDNA ITS amplicons indicated that there are several other 
species/strains of Anabaena (e.g., An. lemmermannii) and Aphanizomenon (e.g., Aph. 
ovalisporum and Aph. issatschenkoi) that are also found in the lake.  NCBI BLAST 
analyses of the longer (~670 bp) 16S-23S rRNA ITS (tRNA
Ile
 to tRNA
Ala
) sequences 
from the two cultured Anabaena isolates yielded only a 98% identity match to An. 
spiroides (AJ294540).  The Aphanizomenon isolate was most closely associated (97% 
identity) to an Aph. issatschenkoi strain (EF638715).  Species identification based on 16S 
rRNA has been reported to require greater than 98.7% identity to the type-strain, 
although no threshold identity values have been determined for 16S-23S rRNA ITS 
sequences (Stackebrandt and Ebers, 2006; Konstantinidis and Tiedje, 2007).  As a caveat, 
species inferences can only be as accurate as the preceding taxonomic identifications of 
strains deposited in culture collections and the sequences in databases such as GenBank.  
For comparison, in this analysis An. flos-aquae (CPCC 064) clustered most closely with 
Aph. ovalisporum in the phylogenetic tree, although comparing this sequence against the 
GenBank database identifies a strain of An. variabilis (ATCC 29413) as its closest 
relative.  Obviously one of these strains is incorrectly identified and for this reason 
species names were not assigned to the strains in this study other than a postulation based 
on the available information.  
The number of sequences corresponding to each OTU may provide a semi-
quantitative overview of each strain‟s abundance in the lake, although amplification bias 
cannot be ruled out.  Of the 96 clones sequenced from the net tow DNA, 88 were used in 
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this study.  Accordingly, the most prevalent OTU, Taihu Mix 1 (n = 50), was most 
closely related to the Anabaena clade containing the CYL-producing culture, possibly 
suggesting that this strain may be one of the more prevalent diazotrophs in the lake based 
on rank abundance (Figure 4.3 and Figure 4.4).  Taihu Mix 2 and Taihu Mix 3 were the 
second most abundant OTUs (n = 10 each), with sequence homologies to An. 
lemmermannii and an unresolved Aphanizomenon species, respectively. 
HPLC Analysis of Chl a 
In order to relate any measured toxin concentrations from the cultures to algal 
biomass, chl a was measured by HPLC.  The total chl a values were: 3090.2 µg l
-1
, 148.1 
µg l
-1
, 2358.1 µg l
-1
 and 2429.3 µg l
-1
, for Anabaena Isolate 1, Anabaena Isolate 2, the 
Aphanizomenon Isolate and the Planktothrix Isolate, respectively. 
Culture Toxicity Screening 
Based on ELISA, only one culture (Anabaena Isolate 1) tested positive for any of 
the cyanotoxins measured, with a combined (intracellular + extracellular) 
cylindrospermopsin concentration of 0.877 ± 0.061 µg l
-1
.  The isolates were also 
screened for the presence of toxin gene clusters using all of the primer sets from Table 
4.2.  No toxin genes were amplified from any of the cultures, although successful DNA 
extractions were verified by PCR amplification of each culture‟s 16S-23S rDNA ITS, as 
well as the inclusion of positive control DNA (PCC 7806 and PCC 6506) for the toxin 
gene PCR assays.  It should be noted even though the Taihu Anabaena 1 culture was 
verified to produce cylindrospermopsin, the fact that the cylindrospermopsin gene 
primers utilized in this study failed was not totally unexpected.  To date, there are no 
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reported cyr gene sequences for cylindrospermopsin producing Anabaena spp., and 
comparisons of cyr genes across genera such as Aphanizomenon, Oscillatoria, 
Raphidiopsis and Cylindrospermopsis have documented wide spread genetic 
recombination and average nucleotide differences of 10% or greater for many of the 
genes in these operons (Stüken and Jakobsen, 2010; Jiang et al., 2012).  Work is on-going 
to resolve the cylindrospermopsin biosynthesis genes in this strain. 
These results, combined with the 16S-23S rRNA ITS analyses, suggest that the 
two Anabaena strains isolated in this study may be of the same species, with one ecotype 
able to produce CYL and the other being nontoxic. 
Distribution of Toxigenic Diazotrophs  
Previous microscopic observations of lake samples collected throughout the 2009 
and 2010 summers also identified a third Anabaena morphospecies with trichomes tightly 
curled suggestive of An. spiroides or An. circinalis (Figure 4.5).  In addition to 
Microcystis spp., several other potentially toxic cyanobacterial genera have been 
observed in the lake as late as November, including: Planktothrix, Anabaena and 
Aphanizomenon.  Recognizing that the isolates cultured from a single net tow only 
provided limited insight into the potential toxigenicity of diazotrophs in the whole lake, 
the presence and distribution of toxigenic filamentous cyanobacteria occurring during the 
summers of 2009 and 2010 was determined based on PCR amplification of anaC, aoaA, 
cyrA, mcyE and sxtA biosynthesis in all samples observed to contain filamentous 
trichomes (n = 34).  DNA from these samples was screened by PCR using the anaC-gen, 
aoaA, cyrJ, pks, ps, mcyE-gen and sxtA1 primer sets (Table 4.2).  This process failed to 
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detect any anatoxin-a, saxitoxin or non-Microcystis microcystin producers in the lake, but 
did yield a single positive amplicon with the cyrA primer set.   
Discussion 
Identification of potential toxigenic diazotrophic genera 
Based on morphology, several different potential toxin-producing filamentous 
cyanobacterial genera were identified, with Anabaena and Aphanizomenon also being 
capable of nitrogen fixation.  Species identification based on 16S rRNA has been 
reported to require greater than 98.7% identity to the type-strain, although no threshold 
identity values have been determined for 16S-23S rRNA ITS sequences (Stackebrandt 
and Ebers, 2006; Konstantinidis and Tiedje, 2007).  A phylogenetic analysis of these 
sequences suggested that there were at least four distinct clades of diazotrophs in the 
lake.  As a caveat, species inferences can only be as accurate as the preceding taxonomic 
identifications of strains deposited in culture collections and the sequences in databases 
such as GenBank.  For comparison, in this analysis An. flos-aquae (CPCC 064) clustered 
most closely with Aph. ovalisporum in the phylogenetic tree, although comparing this 
sequence against the GenBank database identifies a strain of An. variabilis (ATCC 
29413) as its closest relative (Table 4.1).  Obviously one of these strains is incorrectly 
identified and for this reason species names were not assigned to the strains in this study 
other than a postulation based on the available information.  However, from a water 
quality management perspective it is more important to know if a given strain is capable 
of toxin production than it is useful to know which species to assign it to.  
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Cyanotoxins in Lake Taihu 
Microcystis spp. often comprise up to 95% of the total phytoplankton community 
in Lake Taihu during the summer months, (Chen et al., 2003) which explains why most 
investigations of the lake have not focused on other potential toxin-producing genera.  It 
is well documented that both toxigenic Microcystis and their toxic metabolites – 
microcystins – can be found all across the northern half of the lake, with wind protected 
and nutrient replete embayments being the most impacted regions (Xu et al., 2008; Otten 
et al., 2012).  Anabaena spp. have also been observed to co-occur with the Microcystis 
blooms in 30% of lake-wide samples (n = 34/112), and occasionally are the dominant 
bloom genera (Otten and Paerl, 2011).  To our knowledge, there has been only one 
attempt to identify other cyanotoxins (anatoxin-a, homo-anatoxin-a and 
cylindrospermopsin) in Taihu based on single grab samples collected from 14 sites across 
the lake on May 27, 2009; although ANTX and CYL were both below the limits of 
detection in all samples (Wilhelm et al. 2011).   
In an effort to improve detection of other cyanobacterial toxins from the lake‟s 
less dominant genera, diazotrophic cyanobacteria were isolated and grown in Z8 media 
without N.  These isolates were tested for all major cyanotoxin classes (anatoxins, 
microcystins, cylindrospermopsins and saxitoxins), of which cylindrospermopsin was 
detected by both ELISA and LC-MS in one of the Anabaena cultures.  This is the first 
report identifying a cylindrospermopsin-producing cyanobacterium in Lake Taihu, and in 
addition to a strain of An. lapponica isolated from a boreal forest, this is likely only the 
second Anabaena species worldwide that has been identified to produce the toxin 
(Schembri et al., 2001; Spoof et al., 2006).  There have been reports of a third Anabaena 
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species identified, An. bergii, that produces cylindrospermopsin, although this 
designation has since been called into question as likely being a morphotype of Aph. 
ovalisporum (Stüken et al., 2009; Ballot et al., 2011).  
Cylindrospermopsin Health Effects 
Cylindrospermopsin functions broadly as a cytotoxin, although its greatest effect 
is on the liver/hepatopancrease (Smith et al., 2008).  It was first identified following a 
mass human poisoning event in 1979 where 148 people in Queensland, Australia were 
admitted to the hospital for various gastroenteritis symptoms (Carmichael, 1981).  At the 
time, this event was termed the “Palm Island Mystery Disease,” and the source of 
exposure was subsequently traced back to a reservoir frequently impacted by 
cyanobacterial blooms that had been treated with the algicide copper sulfate (Bourke et 
al., 1983).  To date the World Health Organization has not established guidelines for 
acceptable concentrations of cylindrospermopsin in finished drinking waters, although a 
provisional recommendation of less than 1 µg l
-1
 has been proposed (Humpage and 
Falconer, 2003; Codd et al., 2005).  The Anabaena strain isolated in this study produced 
0.877 µg l
-1
 CYN based on ELISA.  These results imply that if this strain were to bloom 
in Taihu, there would be a potential risk of cylindrospermopsin entering the drinking 
water supply.  However, since these results come from an isolated strain grown in 
culture, its prior impact on Lake Taihu cannot be directly assessed.  It should also be 
noted that the isolated strains do not represent the entire population of these genera in the 
lake and other variants (both toxigenic and not) likely exist.   
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Predictions of Community Responses to Nutrient Reductions 
Exactly how the phytoplankton community composition will likely change in 
response to future N & P reductions will require further study, although Anabaena spp. 
appear to be the most likely to benefit from any reductions in Microcystis spp. 
dominance.  Due to the much longer residence time of P in lakes relative to N, immediate 
targeted reductions of nitrogen loading into the lake is predicted to have the greatest 
effect at limiting the growth of a non-diazotropic genus such as Microcystis.  In addition 
to N2-fixing capabilities, Anabaena spp. possess many of the same physiological 
advantages that make Microcystis spp. dominant in Lake Taihu, namely: the ability to 
regulate its position in the water column (buoyancy regulation), luxury P uptake and 
storage (polyphosphate bodies), tolerance to high solar UV radiation, and in some strains, 
colony formation reduces zooplankton grazing pressure (Reynolds et al., 1987; 
Thompson et al., 1994; Badger et al., 2006; Lampert, 1987).  Based on these similarities, 
one would expect Microcystis to have a faster growth rate than Anabaena in order for it 
to become so established in the lake.  The specific growth rates for the major 
cyanobacterial taxa in Lake Taihu have not been reported, but a generalization based on 
previous studies of these genera (both in laboratory and natural settings) refutes this 
assumption, as average doubling times for both Anabaena flos-aquae (lab = 0.89 d
-1
, field 
= 1.69 d
-1
) and Aphanizomenon flos-aquae (lab = 0.71 d
-1
, field = 1.61 d
-1
) are shorter 
than for Microcystis aeruginosa (lab = 1.44 d
-1
, field = 1.87 d
-1
) (O‟Sulliven & Reynolds, 
2004).  One plausible explanation as to why Microcystis dominates in Taihu is that the 
initial inoculum (seed stock) is greater than for other groups; or else this organism may 
simply grow better at a wider range of temperatures allowing for an earlier start.  Once 
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established, the Microcystis assemblages likely limit the growth of other phytoplankton 
groups by its control over light penetration in the water column (i.e., competitive 
exclusion) (Hambright and Zohary, 2000).  Even though Aphanizomenon spp. may also 
benefit from N reductions in Taihu, for reasons unclear, it tends to be outcompeted by 
Anabaena populations in the lake.  The fact that Planktothrix is unable to establish itself 
under current nutrient conditions in the lake indicates it is unlikely to benefit from 
nutrient reductions due to its inability to fix N2. 
Conclusions 
Future cyanotoxin outlook 
In this study, several different potentially toxigenic genera were isolated and 
screened for the presence of various cyanotoxins and the genes involved in their 
biosynthesis.  This process identified a single strain of Anabaena capable of 
cylindrospermopsin production based on ELISA measurements of the toxin. 
Unfortunately, the specific cylindrospermopsin synthetase genes remain unidentified.  
The concern that potentially worse (i.e., more pathogenic) diazotrophic cyanobacteria 
may supplant Microcystis spp. in the lake under future nutrient reduction strategies seems 
to be mostly unfounded; and the absence of any neurotoxin producing genera is 
particularly encouraging.  Nevertheless, the presence of at least one cylindrospermopsin-
producing diazotroph raises the question as to how Microcystis bloom mitigation efforts 
will alter the phytoplankton community in the lake.  Nutrient reductions in the lake will 
undoubtedly yield positive ecosystem and human health benefits relative to the current 
situation of Microcystis dominance.  If nitrogen inputs are reduced to the point that N2-
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fixing cyanobacteria gain a competitive advantage over non-diazotrophic strains, then 
production of other cyanotoxins, such as cylindrospermopsin, could reach concentrations 
harmful to human health and their presence should be taken into account by Taihu water 
quality managers.  In the long term, monitoring efforts in the lake should be continued 
with a watchful eye for the presence of other toxin-producers in the lake (Figure 4.5).  In 
the short term, future studies should address how different nutrient scenarios are likely to 
impact phytoplankton community composition and toxin production.  These experiments 
will ideally have durations of several months, as opposed to the typical three to five day 
incubations for bioassays, in order for community succession to occur.  Special 
considerations will need to be taken to minimize bottle effects and experiments should 
also be run in parallel with lake samples to compare real-time community composition 
with possible future scenarios.  If water utilities around the lake are able to remove 
Microcystis prior to pre-oxidation treatment, then these same techniques (e.g., air 
floatation and surface skimming) should be equally effective on other positively buoyant 
and potentially toxigenic cyanobacterial genera such as Anabaena, and any adverse 
human health concerns can be alleviated. 
  
8
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Table 4.1: Comparisons of 16S-23S rRNA ITS sequences from Lake Taihu isolates and clones with closest genetic relatives 
based on NCBI GenBank BLAST analyses. 
This Study GenBank Closest Relative 
Accession Isolate/Clone Accession Description 
Length 
(bp) 
(%) Query 
Coverage 
(%) Max 
Identity  
JX072918 Taihu Anabaena Isolate 1 EF150996 Uncultured Nostocaceae cyanobacterium 446 100 99 
JX072921 Taihu Anabaena Isolate 2 EF150996 Uncultured Nostocaceae cyanobacterium 446 99 99 
JX072923 Taihu Aphanizomenon Isolate 1 EF638715 Aphanizomenon issatschenkoi 415 99 97 
JX072924 Taihu Planktothrix Isolate 1 EF638725 Uncultured Planktothricoides sp. clone 633 99 93 
JX072917 Anabaena flos-aquae (CPCC 064) CP000117 Anabaena variabilis ATCC 29413 455 99 99 
JX072919 Aphanizomenon sp. FL Isolate 1 EF638715 Aphanizomenon issatschenkoi 419 98 97 
JX072925 Taihu Mix clone 1 EF150996 Uncultured Nostocaceae cyanobacterium 446 99 99 
JX072930 Taihu Mix clone 2 EU586729 Anabaena lemmermannii 424 99 99 
JX072931 Taihu Mix clone 3 EF638715 Aphanizomenon issatschenkoi 415 99 96 
JX072932 Taihu Mix clone 4 AB638263 Uncultured cyanobacterium 414 90 100 
JX072933 Taihu Mix clone 5 EF150996 Uncultured Nostocaceae cyanobacterium 446 99 98 
JX072934 Taihu Mix clone 6 EF150974 Uncultured Nostocaceae cyanobacterium 445 99 98 
JX072935 Taihu Mix clone 7 CP000117 Anabaena variabilis ATCC 29413 454 99 99 
JX072936 Taihu Mix clone 8 EF150996 Uncultured Nostocaceae cyanobacterium 446 100 98 
JX072937 Taihu Mix clone 9 EU402397 Uncultured Anabaena sp. clone 369 100 99 
JX072926 Taihu Mix clone 10 EF150996 Uncultured Nostocaceae cyanobacterium 437 100 98 
JX072927 Taihu Mix clone 11 EF150996 Uncultured Nostocaceae cyanobacterium 446 99 98 
JX072928 Taihu Mix clone 12 EF150996 Uncultured Nostocaceae cyanobacterium 444 100 98 
JX072929 Taihu Mix clone 13 EF150996 Uncultured Nostocaceae cyanobacterium 446 100 98 
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Table 4.2: PCR primers and optimal annealing temperatures (TA) used in this study. 
Oligo Sequence (5' - 3') TA (°C) Reference 
anaC-gen-F TCTGGTATTCAGTCCCCTCTAT 58 Rantala-Ylinen, 2011 
anaC-gen-R CCCAATAGCCTGTCATCAA 58 Rantala-Ylinen, 2011 
anaC-anab-F GCCCGATATTGAAACAAGT 60 Rantala-Ylinen, 2011 
anaC-anab-R CACCCTCTGGAGATTGTTTA 60 Rantala-Ylinen, 2011 
anaC-osc-F CTCTATTCTCACAAGTTTGGTCT 60 Rantala-Ylinen, 2011 
anaC-osc-R GTTAGTTCAATATCAAGTGGTGGA 60 Rantala-Ylinen, 2011 
aoaA-F AGATGGTGCTTATTTTGAAC 54 Barón-sola, 2012 
aoaA-R TCTTCACAGATGACCTTCTT 54 Barón-sola, 2012 
aoaB-F CACCATTGGCTATGTAGAAGCT 54 Barón-sola, 2012 
aoaB-R TATTGGCTGTGAAAGAGAGGTC 54 Barón-sola, 2012 
aoaC-F AATGATCGAAAACAGCAGTCGG 54 Barón-sola, 2012 
aoaC-R TAGAACAATCATCCCACAACCT 54 Barón-sola, 2012 
pks-F CCTCGCACATAGCCATTTGC 55 Fergusson, 2003 
pks-R GAAGCTCTGGAATCCGGTAA 55 Schembri, 2001 
ps-F GGCAAATTGTGATAGCCACGAGC 55 Schembri, 2001 
ps-R GATGGAACATCGCTCACTGGTG 55 Schembri, 2001 
cyrA-F GCTAATGAGGAGTTGAATGGGCTGG 58 Jiang, 2012 
cyrA-R GGCAGAACATAGGCATCTCATCGTC 58 Jiang, 2012 
cyrJ-F ACTTCTCTCCTTTCCCTATC 60 Mihali, 2008 
cyrJ-R GAGTGAAAATGCGTAGAACTTG 60 Mihali, 2008 
mcyB-F TTCAACGGGAAAACCBAAAG 60 Dyble, 2008 
mcyB-R CYTGATTATCAATSCGYCCT 60 Dyble, 2008 
mcyE-F2 GAAATTTGTGTAGAAGGTGC 58 Vaitomaa, 2003 
AnamcyE-12R CAATCTCGGTATAGCGGC 58 Vaitomaa, 2003 
sxtA-1F GATGACGGAGTATTTGAAGC 60 Al-Tebrineh, 2011 
sxtA-1R CTGCATCTTCTGGACGGTAA 60 Al-Tebrineh, 2011 
sxtA-2F GATTATTGTCATTGATGGCGTG 60 This study 
sxtA-2R GTTGCGGAAGTTGGTTTTGAT 60 This study 
sxtA-3F CAGCTTGTAGATCCGATTGTG 60 This study 
sxtA-3R AACTTTTGGATGCAAGTCAAGA 60 This study 
sketa-F2 GGTTTCCGCAGCTGGG 60 Haugland, 2005 
sketa-R CCGAGCCGTCCTGGTCTA 60 Haugland, 2005 
CSIF GYCACGCCCGAAGTCRTTAC 62 → 52 Janse, 2003 
ULR CCTCTGTGTGCCTAGGTATC 62 → 52 Janse, 2003 
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Figure 4.1: Map of Lake Taihu sampling sites.  Depth integrated samples were collected 
at each site 12 different times during June and July of 2009 and 2010. DNA from these 
sites was screened for the presence of non-Microcystis related toxin genes in order to 
assess the distribution of other potential toxin-producing cyanobacteria in the lake. The 
arrow indicates the location that the plankton net tow was conducted. 
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Figure 4.2: Microscope images (200x mag.) of filamentous cyanobacteria isolated from 
Lake Taihu, tentatively identified as; (a) Anabaena Isolate 1; (b) Anabaena Isolate 2; (c) 
Aphanizomenon Isolate 1; (d) Planktothrix Isolate 1. 
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Figure 4.3: Bayesian inference of phylogeny for 16S-23S rDNA ITS sequences (ITSc) based on a GTR model with gamma 
distributed rate variation. Branch support values are indicated at the nodes. Scale bar corresponds to 1.0 changes per 
nucleotide. Accession numbers are in parentheses for the sequences obtained from NCBI GenBank. 
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Figure 4.4: Rank abundance curve of operational taxonomic units (OTUs) representing 
the number of unique diazotrophic cyanobacterial ecotypes detected by sequencing 16S-
23S rRNA ITS amplicons from a concentrated epilimnetic plankton net (20 µm) tow in 
Meiliang Bay, October 19, 2011.  OTUs were defined as 99% or greater 16S-23S rRNA 
ITS sequence similarity. Note: OTUs 1-13 correspond respectively to the sequences 
„Taihu Mix 1-13‟ in the phylogenetic tree (Figure 2) and the GenBank BLAST analyses 
(Table 1).
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Figure 4.5: Microscope images of various Lake Taihu cyanobacteria not isolated in the 
present study. 1) Mixed assemblage of potential toxin-producing cyanobacterial taxa in 
Lake Taihu (x40 mag.); (a) Anabaena sp.; (b) Aphanizomenon sp.; (c) Microcystis 
aeruginosa; (d) Microcystis botrys; (e) Microcystis flos-aquae; (f) Planktothrix sp.;  
(Photo credit: Hans Paerl, 10/19/11) 2) An. spiroides or An. circinalis (x400 mag.) (Photo 
credit: Tim Otten, 6/10/09) 
 
 
  
 
 
 
 
 
Chapter 5: 
A long PCR assay for improved screening of microcystin synthetase genes and 
identification of mobile genetic elements in Microcystis spp. 
 
Introduction 
Cyanobacteria are among the oldest living photosynthetic organisms, having 
appeared some 2.7 billion years ago (Rasmussen et al., 2008).  They are credited with 
oxygenating the earth‟s atmosphere, paving the way for terrestrial plants and higher 
eukaryotic organisms.  One interesting feature of this order is their ability to produce an 
assorted array of non-ribosomal secondary peptides, many of which have antibiotic, toxic 
or otherwise unknown functions (Carmichael 1992; Rastogi and Sinha, 2009).  
Microcystins (MC) are the most ubiquitous freshwater cyanotoxins worldwide and are 
produced by myriad cyanobacterial genera encompassing unicellular, colonial, 
filamentous and heterocystous morphologies (Dittman and Wiegand, 2006; Welker and 
Van Döhren, 2006).  The microcystin synthetase genes (mcy) have been sequenced from 
Microcystis, Anabaena and Planktothrix populations; as well as those involved in 
production of a second group of toxins (nodularins) that are highly similar to 
microcystins in Nodularia (Tillet et al., 2000; Rouhiainen et al., 2004; Christiansen et al., 
2003; Moffitt and Neilan, 2004).  No single genus, or species for that matter, is solely 
comprised of toxigenic strains; instead this mosaic distribution of microcystin synthetase 
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genes (mcy) suggests that these compounds are not likely critical for cell survival (Via-
Ordorika et al., 2004).  
Phylogenetic evidence supports the hypothesis that the genes involved in 
microcystin biosynthesis were once present in all cyanobacteria due to descent from a 
common mcy containing ancestor (Rantala et al., 2004).  Horizontal gene transfer among 
closely related Microcystis strains appears to be a rare event, with only one probable case 
of mcy acquisition across phylogenetic clades identified to date (Tanabe et al., 2007).  
Microcystin synthetase gene recombination has been documented in strains of 
Microcystis, Anabaena and Planktothrix (Allender et al., 2009; Kurmayer et al., 2004; 
Tooming-Klunderud et al., 2008a), and although intraspecies conjugation or natural 
transformation may be possible; comparisons of the mcy clusters and house-keeping 
genes from diverse cyanobacterial genera has ruled out the possibility of lateral transfer 
across genera (Kaplan et al., 2012).   
In Microcystis spp. the microcystin synthetase complex comprises two operons 
spanning ten genes (mcyDEFGHIJ and mcyABC) separated by a bi-directional promoter 
(Tillett et al., 2000).  Often a decision on a strain‟s toxigenicity is based on PCR 
amplification of a single gene (e.g., mcyA).  However, the extent to which partial 
deletions in the mcy gene cassette exist, and therefore the possibility of false-positives 
based on single gene PCR screening, is unknown.  Additionally, the impact of naturally 
occurring insertions or deletions within the mcy operon with regard to toxin production 
has not been adequately assessed.  Targeted disruption of individual mcy genes has been 
carried out with the result being that all strains were rendered nontoxic due to the 
modular fashion in which the peptides are produced (Nishizawa et al., 1999; Nishizawa et 
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al., 2000).  It may also be possible that strains exist with intact mcy gene clusters but are 
unable to produce microcystins due to point mutations (transitions or transversions), gene 
recombinations, insertion sequence (IS) elements within coding regions or some other 
post-transcriptional silencing mechanisms.  In Microcystis the mcy gene cluster appears 
to always be flanked by an open reading frame downstream of mcyJ (designated dnaN) 
with ~70% identity to the DNA polymerase III β subunit in Synechocystis sp. PCC 6803, 
and on the other end downstream of mcyC by a unique set of genes (uma1-6) of unknown 
function sharing transposase-like characteristics (Tillett et al., 2000).  Several nontoxic 
strains have been screened and shown to always retain uma1, whereas dnaN was not 
always identified (Nishizawa et al., 2007).  Some nontoxic strains also possess 
transposases and/or a hypothetical gene (hypX) proximal to uma1 and within the 
intergenic region between dnaN and uma1 where the mcy genes are found in microcystin 
producing Microcystis strains.  The hypX gene is conserved in many strains of 
Microcystis, although its putative function remains unknown.  It shares some sequence 
homology to an E. coli (K-12) hypothetical lipoprotein in the DnaQ-GMHA intergenic 
region (Nishizawa et al., 2007).    
Investigations to date of the microcystin gene cassette suggests that mcy gene loss 
is an “all or nothing” process, with nearly all strains investigated possessing fully intact 
mcy cassettes or their complete absence.  The presence of dnaN and uma1 in nontoxic 
strains has been interpreted as evidence that the mcy genes are located in the same 
chromosomal region across species and that the intervening sequence between these two 
genes is a “hot spot” for genetic recombination.  The presence of transposases between 
these genes also raises the possibility that the mcy cassette could be cut and pasted into 
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other regions of the chromosome, although no toxin-producing strains have ever been 
reported without dnaN and uma1 flanking the cassette.  Thus, if these transposases do not 
facilitate gene rearrangement within the cell, acquisition of the mcy genes would likely 
require a carrier (e.g., phage or plasmid) to by-pass the recipient cell‟s restriction-
modification system which destroys foreign DNA entering the cell (Takahashi et al., 
1996).  Alternatively, in very closely related strains natural transformation of naked DNA 
is another possibility (Nakasugi and Neilan, 2005). 
To investigate the presence of inactivated mcy gene cassettes due to insertion 
sequence (IS) elements or gene deletions, as well as to determine how these genes may be 
gained or lost; a series of long PCR assays and shotgun cloning was utilized to screen 28 
different Microcystis spp. strains for abnormalities within and flanking the mcy gene 
cassette. 
Methods 
Screening of cyanobacterial cultures 
Based on the previously published genomes of Microcystis aeruginosa strains 
PCC 7806 and NIES-843 (GenBank accession nos. AF183408 and NC010296, 
respectively), a series of oligonucleotide PCR primers were designed to amplify the 
entire mcy gene cluster and the flanking genes dnaN and uma1-4 (~61.3 kb) in five 
reactions (Table 5.1).  Microcystin producing strains of cyanobacteria were identified by 
enzyme linked immunosorbent assays (ELISA) using Abraxis total (polyclonal) 
Microcystins-ADDA microtiter plates per the manufacturer‟s directions.  The kits are 
polyclonal with broad-scale reactivity to all microcystin congeners.  DNA was extracted 
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from in-house cyanobacteria cultures and from strains acquired from the Pasteur Culture 
Collection of Cyanobacteria (PCC), the Canadian Phycological Culture Centre (CPCC), 
the University of Texas at Austin (UTEX), and from the University of Tennessee (OS 
and UTK strains)) (Table 5.1) using a GeneRite
®
 DNA-EZ RW03c kit per the 
manufacturer‟s instructions. 
DNA extraction and amplification 
Successful DNA extractions were verified by PCR amplification using two sets of 
oligonucleotides.  Cyanobacteria specific 16S rDNA was amplified using the primers 
CYA359F and CYA781R as previously described (Nübel et al., 1997).  Potential 
toxigenicity was assessed by amplifying a 727 bp fragment of the mcyB gene using the 
primers mcyB-F and mcyB-R, as well as a 247 bp fragment of the mcyE gene using 
mcyE-F2 and MicmcyE-R8 primers, as previously described (Vaitomaa et al., 2003; 
Rantala et al., 2004, Dyble et al., 2008) (Table 5.2). 
A GeneAmp
®
 XL Long PCR kit was used to carry out the long PCR assays in 50 
µl volumes. Hot start reactions were set up in a 0.2 ml PCR tubes containing the 
following: ~25 ng DNA, 6.4 µl sterile DEPC H2O, 6 µl 3.3X XL Buffer, 4µl dNTPs (10 
mM), 1µl forward primer (20 µM), 1µl reverse primer (20 µM) and 1.5µl Mg(OAc)2 (25 
mM).  An Ampliwax 50 bead was then added to each reaction tube and held at 60ºC for 2 
minutes or until the wax bead completely melted, and then it was allowed to cool at room 
temperature for 1 minute.  Atop the wax, 18.4 µl sterile DEPC H2O, 9 µl 3.3X XL 
Buffer, and 0.7 µl rRTH DNA polymerase, XL was added to each reaction.  A Techne 
TC-512 thermocycler was used with hot start option and the following cycling 
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conditions: initial denaturation at 94ºC for 60 sec; then 17 cycles of 94ºC for 12 sec and 
primer specific TA for 9 min 38 sec; then 13 cycles of 94ºC for 12 sec and TA for 9 min 
38 sec + 15 sec for each additional cycle and a final extension step of 68ºC for 10 min.  
Five microliters of each PCR product was run on a 1% agarose gel in 1X TAE buffer for 
120 min at 60V, stained with ethidium bromide and viewed under UV260 light to verify 
the amplifications were successful. 
DNA extracted from a culture of Microcystis aeruginosa PCC 7806 was 
quantified using a DNA NanoDrop 2000C (Thermo Scientific).  PCR reactions were 
carried out on serially diluted DNA template ranging from an initial concentration of 25 
ng to 0.25 pg to determine the limits of detection (LOD) for the PCR assays.  The PCR 
products were then run on 1% agarose gels for 2 hours at 60V, and stained with ethidium 
bromide and viewed under UV260 light.  The average LOD for the assays was determined 
to be ~25 pg template DNA; which based on the size of the PCC 7806 genome (5.17 
Mbp) corresponds to ~4,400 cells possessing single copies of the mcy operon(Frangeul et 
al., 2008). 
Shotgun cloning procedure and contig assembly 
Long PCR products were added to 200 µl sterile DEPC H2O in a 1.5 ml 
centrifuge tube and sonicated (3 mm tip) for 8 x 7 sec at 20% amplitude.  Three volumes 
of binding buffer from GeneRite
®
 DNA-EZ RW03c kits was added to each tube of 
sonicated DNA and passed through a silica column via centrifugation at 9,740 x g for 1 
min.  The DNA was washed twice with ethanol and eluted with 50 µl sterile DEPC H2O.  
Size fractionation of the samples was accomplished by running 25 µl of sonicated DNA 
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plus 4 µl 6X crystal violet loading buffer through a 1.2% agarose gel containing 80 µl of 
Crystal violet (2 mg/ml) stain for 120 minutes at 60V.  Samples were run in duplicate to 
maximize DNA yield.  Two DNA ladders (1 kb and 10 kb) were used to identify the 
desired size range of DNA fragments (600-1000 bp) which were then excised from the 
gel with a sterile scalpel and purified using a QIAquick Gel Extraction Kit (Qiagen).  
Blunt end repair of the fragments was performed using a DNA Terminator End 
Repair Kit (Lucigen) by combining: 38.5 µl DNA eluate in H2O, 10 µl 5X buffer and 1.5 
µl End Repair enzyme and then incubating at 23ºC for 15 min.  The reaction was stopped 
by holding the samples at 70ºC for 15 min.  The blunt ended DNA was then purified and 
concentrated on a silica column as before and eluted with sterile DEPC H2O resulting in a 
DNA yield of ~10 ng µl
-1
.  A pCR Blunt kit (Invitrogen) was used to ligate the DNA into 
a pCR-Blunt vector per the manufacturer‟s instructions, with the exception that the vector 
was diluted 1:10 in sterile DEPC H2O to account for the low concentration of DNA.  
Following the ligation step, the vector was transformed into TOP10 chemically 
competent E. coli (Invitrogen) and 100 µl of transformed cells were grown overnight at 
37°C on Luria Broth plates containing 50 µg ml
-1
 kanamycin.  Each plate yielded ~100 
colonies.  Positive transformants were forward and reverse sequenced using M13F and 
M13R primers on an ABI 3130 DNA sequencer.  
Sequences were quality trimmed and the vector removed, resulting in sequence 
reads ranging in size from 28 to 948 bp, with a mean size of 749 bp.  The sequences were 
imported into the software program Sequencher (v.4.8) and assembled using the dirty 
data algorithm with a minimum match percentage of 90% and a minimum overlap of 20 
bases.  Ambiguities were manually corrected by reviewing individual chromatograms.   
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The number of clones needed to reassemble a PCR amplicon of a given size 
following shotgun cloning can be estimated using the Clarke-Carbon formula (Clarke and 
Carbon, 1976). 
N = ln (1 – P) / ln (1 – S/L) 
Where: 
N is the number of sequenced clones required to span the entire PCR product 
P is the probability a position is sequenced at least once (set at 0.999) 
S is the average size (bp) of the clones 
L is the total length (bp) of the PCR product 
 
Plasmid detection 
Due to the interesting results garnered from Microcystis sp. strain OS3, the 
presence of plasmids was investigated by extracting total DNA from the culture and 
running it on an agarose gel.  This process tentatively identified two small circular 
plasmids of approximately1 kb and 1.5 kb (Figure 5.8).   
Results 
In general, the number of clones required to rebuild an amplicon of 12.7 kb 
following shotgun sequencing was ~103 clones (forward and reverse sequenced), which 
was conservatively predicted by the Clarke-Carbon formula (Clarke and Carbon, 1976) 
(Table 5.3).  The assay was successful at amplifying the entire mcy gene cluster in M. 
aeruginosa strain PCC 7806 in five PCR reactions, with a largest amplicon of 13.3 kb.  
Using this procedure t he mcy gene cassette and flanking regions (61.4 kb) in PCC 7806 
was reconstructed with greater than 99.99% sequence homology with NCBI GenBank 
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accession number AF183408.  The PCR primers developed in this study were 
demonstrated to be Microcystis specific, failing to amplify in other microcystin producing 
genera as determined by ELISA.  Successful DNA extractions were verified for all 
samples by amplifying and sequencing the 16S-23S rDNA ITS region.  However, due to 
genetic recombination within dnaN and the presence of transposases and insertion 
sequences in the uma1-4 genes in some strains, not all cultures amplified equally well 
beyond the mcy cassette.  For this reason additional PCR primers were designed to 
amplify as close as possible to the distal ends of mcyJ and mcyC in order verify the mcy 
cassettes were intact (Table 5.2).   
Although the long PCR primers were demonstrated to be Microcystis specific, 
they failed to amplify the entire mcy cassettes from all toxin-producing strains tested.  
Strains in which some of the primer sets did not amplify may have insertions, deletions or 
other recombinations in these sites that are worthy of further investigation.  The regions 
flanking the mcy cassette were especially prone to transpositional effects with several 
strains amplifying with primers targeting the mcyJ and mcyC ends of the mcy cassette 
only to fail to amplify the expected flanking genes with the dnaN + mcyJ, mcyC + uma1 
or mcyC + uma4 primer sets.  The dnaN gene was observed to be variable and the 
transposase interrupting uma4 in PCC 7806 was not present in most strains.  Likewise, 
between mcyC and uma1 an IS element ranging from 222 - 242 bp was identified in 
several strains (NIES-843, OS3, OS10).  A comparison of the 16S-23S rDNA ITS 
sequences across strains fully amplifying with the long PCR assay and those in which 
some of the primers failed, did not provide any evidence that these groups are more 
closely related to one another (Figure 5.2).  
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This methodology was successful at discovering IS elements flanking the mcy 
gene cassette.  In toxigenic strains, the assay identified transposases and insertion 
sequence (IS) elements proximal to the mcy genes between dnaN and mcyJ in Microcystis 
strains NIVA-CYA 118-2, PCC 7813, LE-3 and between mcyC and uma1 in NIES-843, 
OS3 and OS10 (Table 5.1).  In nontoxic strains, the dnaN and uma1 genes are expected 
to be proximal to each other due to the absence of the mcy cassette, although three 
possible configurations have been previously reported: 1) dnaN immediately adjacent to 
uma1; 2) a hypothetical 3.4 kb gene (hypX) between dnaN and uma1; or, 3) uma1 only 
with dnaN and hypX absent (Nishizawa et al., 2007).  The long PCR assay utilized in this 
study provided higher resolution of the gene variation in nontoxic strains, indicating that 
dnaN was likely further downstream in strains identified to possess only uma1 or uma1 
and hypX genes.  In the present study, additional configurations were observed by 
sequencing the dnaN - uma1 amplicons from several nontoxic strains.  Following PCR 
amplification with the dnaN-F + uma1-R primer set and shotgun sequencing, M. 
aeruginosa strain UTEX 2386 produced an amplicon of ~7.5 kb which contained four 
ORFs consisting of a 738 bp hypothetical ORF of unknown function, two previously 
undescribed putative metalloprotease genes designated mtpZ1 (948 bp) and mtpZ2 (741 
bp) and a portion of hypX (2141 bp).  In M. aeruginosa strain PCC 7005, the amplicon 
was ~8.3 kb and contained four ORFs; one of unknown function (738 bp), an ISMae6-
like transposase (1029 bp), a putative zinc-metalloprotease previously unidentified in 
cyanobacteria designated lasB1 (717 bp) and hypX (3399 bp).  Comparisons of the two 
hypothetical ORFs of unknown function from UTEX 2386 and PCC 7005 revealed that 
they encode the same putative protein and shared 96.7% nucleotide identity.  The 
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predicted protein structure for the translated amino acids comprising these ORFs was 
predicted by the protein fold recognition server (Phyre2), which failed to identify any 
closely related proteins (Kelley and Sternberg, 2009).  The strongest match comprised 
only 4% of sequence coverage with 45% identity to a nucleoplasm-like viral coat or 
capsid protein (Data not shown). 
Most striking was the identification of two strains of Microcystis sp. (OS3 and 
OS10) which were verified to be nontoxic using ELISA, although these strains contained 
at least part of mcyB and all of mcyC based on PCR amplification with the mcyB-F + 
mcyC-R primer set.  The absence of the rest of the mcy gene cassette was further verified 
by using several conventional PCR assays with primers targeting additional mcy genes 
(mcyA, mcyD, mcyE); all of which failed to amplify in OS3 and OS10, even though the 
positive control (M. aeruginosa PCC 7806) successfully amplified.  The mcyBC 
nucleotides from OS3 and OS10 were multiple pairwise aligned with the same genomic 
regions from model strains M. aeruginosa PCC 7806 and M. aeruginosa NIES-843 
(Figure 5.6).  The four strains shared 94.2% sequence identity, and notably OS3 and 
OS10 only shared 97.3% identity, which suggested these two strains were unique.  Most 
of the sequence variation between OS3 and OS10 was due to two deletions within mcyBC 
in OS3, one spanning 70 bp within mcyB and the other 41 bp within mcyC that were 
absent in OS10.   
In an effort to determine the genes flanking the partial mcy cassette in OS3, a long 
PCR assay was set up with the primers dnaN-F + uma1-R, which produced an amplicon 
of ~6.4 kb.  Additionally, a second long PCR assay was run with dnaN-F + uma4-R to 
verify the presence of uma1-4 genes; this amplicon should have been ~5.8 kb larger than 
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the dnaN-F + uma1-R amplicon, although unexpectedly it was only ~1.5 kb.  The four 
amplicons were shotgun sequenced and reassembled.  The sequencing results for the 
dnaN-F + uma1-R amplicon revealed the complete absence of dnaN and instead, the 
uma1R primer sequence was present as an identical inverted repeat present at each end of 
the amplicon which resulted in amplification by only the one primer similar to inverse 
PCR.  This contig contained several interesting features; in addition to the inverted 
repeats on the distal ends, there were several sets of direct repeating insertion sequences 
(IS), multiple transposases (ISMae1-like) and several genes that are located in disparate 
regions of the chromosome in model organism M. aeruginosa NIES-843 that were in 
close proximity with one another in OS3 (Figure 5.3).  All of these features are 
suggestive of transposase-mediated genetic recombination such as cut and paste 
mechanisms leading to gene rearrangement.  However, also identified within this contig 
were two sets of type II toxin/anti-toxin loci (yeFM/yoeB and relE/relB) that could imply 
this contig was previously plasmid-linked as these loci, also known as addiction modules, 
are often involved in plasmid stabilization within cells due to their unique post-
segregational killing mechanism (Gerdes et al., 1985; Jensen and Gerdes, 1995; Hayes, 
2003).  Finally, a conventional PCR assay was run using the primers mcyC(walkP1)-F + 
uma1-R to unequivocally determine that the uma genes were downstream of mcyC.  The 
resulting amplicon verified mcyC was upstream of uma1, although a larger than expected 
amplicon was observed which contained a 222 bp ISMae6-like transposase homology to 
a similar IS element located between mcyC and uma1 in M. aeruginosa NIES-843 
(Figure 5.1).  
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Toxin-antitoxin (TA) genes in prokaryotes are poorly understood in general, and 
in cyanobacteria even less is known.  Cyanobacteria have been shown to contain 
numerous TA loci of unknown cellular function, although relBE has not been previously 
identified in cyanobacteria to our knowledge (Makarova et al., 2009; Leplae et al., 2011).  
More specifically, the ORF encoding the RelB antitoxin protein was unknowingly 
detected and reported as hypothetical protein MAE09150 (YP_001655929) in the only 
fully sequenced Microcystis genome (NIES-843), although the toxin, RelE, was not 
identified.  RelE/RelB and YoeB/YeFM are structurally very similar type II TA modules; 
for comparison, the predicted structure of these proteins was modeled based on the amino 
acid composition using the protein fold recognition server Phyre2 and viewed in 
VectorNTI Advance (v11.0) 3D Molecule Viewer (Invitrogen) (Kelley and Sternberg, 
2009) (Figure 5.5).  
To better understand the extent that the relE/relB TA module may exist in 
cyanobacterial populations, a primer set was developed (TA-Mod-FR) to amplify 542 bp 
within these genes.  All 42 cyanobacteria cultures used in this study were screened for the 
presence of this addiction module, of which it was only observed in Microcystis.  These 
genes almost exclusively belonged to nontoxic strains being found in all ten of the OS 
strains and nontoxic PCC 7005, with only one toxin producer (UTEX 2666) possessing 
the genes.  PCC 7005 was originally isolated from Lake Mendota, Wisconsin (USA), 
UTEX 2666 from Hartbeespoort Dam, Pretoria (South Africa) and all OS strains from 
Oswego Harbor of Lake Ontario (USA).  Although some of the OS cultures may have 
been isolated from the same Microcystis sp. strain based on comparisons of their 16S-23S 
rRNA ITS, there were at least three unique groupings identified in the phylogenetic 
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analysis (Figure 5.2).  Note that these clades do not delineate different Microcystis 
species, as M. aeruginosa strains are prevalent in all groupings.  Moreover, the presence 
of conserved TA loci in all of the OS strains may suggest a common history of gene 
inheritance by a conjugative plasmid in this ecosystem due to its presence in less closely 
related strains (e.g., OS3 and OS13) based on 16S-23S rRNA ITS analysis.  Several of 
the strains possessing the relE/relB module were sequenced and their translated amino 
acids were multiple pairwise aligned and compared (Figure 5.4).  The sequences 
generated from PCC 7005 and UTEX 2666 were conserved, although not identical owing 
to their unique biogeography.  The contigs from OS3 and OS9 shared 100% sequence 
homology, whereas the TA module in OS13 contained a 104 nucleotide insertion 
sequence with similarity to ISMae34 that interrupted the relE toxin gene (Figure 5.4).    
The possibility that the OS3 contig containing the TA loci was plasmid-linked 
and/or that the partial mcyBC genes were contained within a plasmid, as opposed to 
located on the chromosome, was further investigated.  It was hypothesized that if the 
relE/relB genes are plasmid-linked, then the other proximal ORFs identified to encode 
for β-lactamase and α/β-fold hydrolase should be located adjacently as well in the OS 
strains.  Two different primer sets were developed, AB-Fold-FR and B-lact-FR, which 
amplify 886 bp and 680 bp, respectively, and were used to screen all relE/relB containing 
strains.  The AB-Fold-FR primer amplified in all of the OS strains and the B-lact-FR 
primers amplified in all OS strains except OS2.  Additionally, PCC 7005 and UTEX 2666 
contained the β-lactamase ORF, although neither possessed the putative α/β-fold 
hydrolase gene.  In order to verify these genes were proximal to the TA module, a long 
PCR assay was set up with the TA-mod-F or TA-mod-R primers with either the B-lact-R, 
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B-lact-F, AB-Fold-R or AB-Fold-F primers.  Positive amplicons of the anticipated sizes 
were obtained for all of the OS strains except OS2 using the primer combination TA-
mod-F + B-lact-R or AB-Fold-R, which verifies nearly all of the OS strains possess 
similar ORFs adjacent to relE/relB.  None of the primer combinations amplified in PCC 
7005 and UTEX 2666, which suggests the β-lactamase gene is not proximal to the TA 
module in those strains and is likely not involved in relBE function or acquisition. 
Similar to the unintended inverse PCR amplification of the amplicon containing 
uma1-like inverted repeats in OS3, the PCR amplicon generated by the primers mcyB-F 
+ uma4R inversely amplified with only the uma4-R primer due to the presence of uma4-
like inverted repeats on each end.  The resulting amplicon was ~1.5 kb and following 
shotgun sequencing was observed to contain a 948 bp ISMae36-like transposase with 
96% sequence identity to the transposase located between uma4 and uma5 in M. 
aeruginosa PCC 7806 (Figure 5.7).  The main difference is that in PCC 7806 the uma4-R 
sequence is not present as an inverted repeat.  The uma4 contig was 100% conserved in 
both OS3 and OS10.  Although uma1 was identified downstream of mcyC in OS3 and 
OS10, the uma1-like and uma4-like inverted repeat genomic regions were likely located 
elsewhere on the chromosome, or at least at a greater distance than the DNA polymerase 
used in the long PCR assays is able to amplify, which is expected to be ~20kb. 
Discussion 
The long PCR assays and shotgun cloning procedure used in this study allowed 
for rapid screening of the large microcystin synthetase gene cluster (mcy) and its flanking 
regions in toxic and nontoxic Microcystis spp. populations.  This assay can be used for 
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improved surveillance of potentially toxigenic strains over frequently used single target 
PCR assays.  For instance, strains OS3 and OS10 were originally screened by PCR 
amplification of portions of the mcyA and mcyD genes and in this case correctly deemed 
to be nontoxic.  However, had mcyB or mcyC been targeted instead, it would have been 
falsely identified as a toxin-producer.  In addition to improved screening, this 
methodology also identified several novel features previously undescribed in Microcystis 
spp., including: the presence of IS elements between mcyC and uma1; several 
uncharacterized ORFs encoding for putative metalloproteases between dnaN and uma1 in 
nontoxic strains, the presence of a partial mcy gene cluster (mcyBC) detected in two 
unique Microcystis sp. strains (OS3 and OS10), and the identification of a novel toxin-
antitoxin locus (relE/relB) in cyanobacteria.   
Previous studies have suggested that the presence of transposases in the region 
immediately upstream of the DNA polymerase gene (dnaN) marks it is a „hot spot‟ for 
genetic recombination (Tooming-Klunderud et al., 2008b).  However, the occurrence of 
ISMae6-like fragments identified in this study between mcyC and uma1 in toxigenic 
strains such as M. aeruginosa NIES-843 and the nontoxic mcyBC containing strains OS3 
and OS10 suggests that either region is prone to transpositional recombination.  Since 
these smaller transposases were incomplete and unable to encode for a functional 
transposase, they may be remnants of past IS activity; and possibly, the horizontal 
acquisition or loss of the mcy genes.  Microcystis strains containing a partial mcy gene 
cluster seem to be exceedingly rare, with very few identified to date.  If the mcy genes 
were inherited from a common ancestor, and if their cellular function is no longer 
essential under modern environmental conditions, then directional selection is expected 
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to gradually phase out these genes from the general population.  If the mcy genes were 
deleterious to the cell then their removal would be expedited by purifying selection.  
There is some evidence of this occurring in other cyanobacterial genera; inactive mcy 
genotypes have been identified in Planktothrix spp. populations in Lake Mondsee 
(Austria) that contained disruptive IS elements, although these strains appeared to suffer 
no selective disadvantage which was attributed to the likely low metabolic cost of 
microcystin biosynthesis (Kurmayer et al., 2004; Christiansen et al., 2008).  Inactive mcy 
ecotypes have also recently been identified in two strains of Anabaena sp. which 
contained multiple non-autonomous miniature inverted tandom repeats (MITEs) present 
within several of the mcy genes rendering the cells nontoxic (Fewer et al., 2011).  
Therefore mcy gene loss following mutation or insertional inactivation is expected to be a 
gradual process which should result in more strains having been identified to possess 
intact mcy operons but not actively produce microcystins, as well as more strains 
containing partial mcy gene clusters.  Even though natural inactivation of the mcy cluster 
can occur, the vast majority of cyanobacteria possessing intact mcy clusters actively 
produce the toxin.   
Here we argue that the general “all-or-nothing” presence of the mcy gene cluster 
is due to horizontal gene transfer processes mediated by an unknown plasmid(s).  It does 
not appear that the mcy genes translocate across the bacterial chromosome since dnaN 
and uma1 are always flanking the genes and in nontoxic strains dnaN and uma1 were 
always found in close proximity (< 8 kb), suggesting their locations are static on the 
chromosome.  At least some strains of Microcystis spp., such M. aeruginosa PCC 7806, 
have been shown to be naturally transformable and to possess type-IV pili (Tfp) which 
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are believed to be involved in the lateral transfer of toxin genes in prokaryotes (Nakasugi 
and Neilan, 2005; Nakasugi et al., 2007).  In addition to natural transformation, another 
possibility for the existence of a partial mcy gene cluster, such as in OS3 and OS10, could 
be due to interrupted mating by a Microcystis strain containing an integrated F-factor 
plasmid, known as a high frequency of recombination (Hfr) cell, with an F
-
 cell if the 
mating bridge was separated prior to incomplete transfer of its chromosome.  Under this 
scenario transposases would likely act in concert with plasmids within the cell; which 
would also permit conjugation with other cells across a mating bridge.  One benefit of 
plasmid conjugation over natural transformation of naked DNA would be the avoidance 
of the recipient cells nucleases designed to destroy foreign DNA (Takahashi et al., 1996).   
There is evidence supporting horizontal gene transfer of the mcy genes among 
closely related species and strains (Rantala et al., 2004).  Although considering the patchy 
distribution of mcy genes across widely different genera, such as: filamentous non-
heterocystous Planktothrix, filamentous, diazotrophic Anabaena and Aphanizomenon, 
and unicellular, colony-forming Microcystis; the cumulative gene loss theory likely 
explains most of the variation in the mcy distribution across various genera.  While the 
microcystin synthetase genes continue to be found in numerous and diverse 
cyanobacterial genera, including two reports of MC production from terrestrial 
cyanobacteria, it seems unlikely that all cyanobacteria will have representatives identified 
to contain these genes (Prinsep et al., 1992; Oksanen et al., 2004).  If these genes were 
only inherited once from a common ancestor, then virtually all cyanobacterial genera 
should contain some strains that possess these genes.  For those taxa that no longer 
possess these genes, it implies that they were unnecessary and have been selected against.  
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However, the majority of MC producers identified to date share several common 
characteristics.  They tend to be pelagic ecostrategists that can regulate their buoyancy 
and are generally tolerant of high ultraviolet (UV) irradiance.  There are limited reports 
of benthic, microcystin-producing cyanobacterial mats, although the majority of 
poisonings by such genera are usually due to exposure to neurotoxins such as anatoxin-a 
and homoanatoxin-a (Izaguirre et al., 2007; Wood et al., 2010; Edwards et al., 1992; 
Gugger et al., 2005).  It is unclear if the apparent paucity of microcystin-producing 
benthic genera is a legitimate physiological phenomenon or simply due to a 
disproportionate amount of research directed at highly visible and buoyant pelagic 
cyanobacterial genera.  Recent studies on the physiological roles of microcystins lend 
credence to the hypothesis that the mcy genes involved in the production of these 
metabolites would be more highly conserved in pelagic strains because their functional 
role in the cell is speculated to be the protection of key phycobilisome and carboxysome 
proteins from degradation during periods of high light or oxidative stress conditions 
(Zilliges et al., 2011).  The authors observed increased mcy transcription under these 
adverse conditions, although there was no concomitant increase in microcystin.  It was 
shown that microcystin binds and protects specific proteins via redox-sensitive cysteines 
(Zilliges et al., 2011).  However, microcystins may be involved in multiple intracellular 
and extracellular roles.  The presence of transcription factor binding sites homologous to 
a ferric uptake regulator (FUR) and a global nitrogen regulator (NtcA) within the mcy 
promoter indicates that microcystins may function more broadly as a general stress 
response molecule during periods of iron or nitrogen limitation (Alexova et al., 2011a; 
Ginn et al., 2010).  There is also evidence that extracellular microcystins may serve as 
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infochemicals signaling to other Microcystis cells to increase mcy transcription in 
response to adverse environmental conditions (Schatz et al., 2007). 
If these are the true functions of microcystins, then the question still remains: how 
do nontoxic ecotypes cope with these same stressors?  Unless the intracellular importance 
of microcystins is very minimal, strains which have lost their mcy genes likely would 
have developed additional stress response mechanisms.  A comparison of the proteomes 
from six toxic and nontoxic Microcystis strains failed to detect any proteins that were 
solely produced by toxic or nontoxic strains, although there was large variation across all 
of the proteomes that appeared to be strain specific (Alexova et al., 2011b).  Several 
hypothetical or unknown proteins were also identified.  In this study we identified a novel 
cyanobacterial chromosomal toxin-antitoxin operon (relE/relB) conserved in 11/15 
nontoxic strains that was only detected in 1/13 toxin-producing Microcystis spp. strains 
investigated.  These loci could provide nontoxic strains a different method of metabolic 
regulation in response to adverse environmental conditions.  
Toxin-antitoxin modules were first identified in plasmids and in such cases are 
believed to primarily function as plasmid stabilization systems.  Post-segregational 
killing (PSK) is a process which ensures that cell progeny inherit a plasmid containing 
TA loci because cells lacking the plasmid will be killed due to their inability to 
synthesize an antitoxin to counteract the effects of the more stable toxin – a process 
known as death upon curing (Gerdes et al., 1986).  In this manner, the cells become 
“addicted” to the plasmid.  There are three classes of TA systems that have been reported; 
type I and III systems contain antitoxins comprised of small RNAs that inhibit toxin gene 
translation, whereas type II systems form protein-protein complexes that inactivate the 
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toxin (Leplae et al., 2011).  The RelE toxin, as well as YoeB also identified in this study, 
are type II toxins that act as mRNA interferases due to their ability to cleave mRNAs 
associated with ribosomes at the ribosomal A-site (Christensen and Gerdes, 2003; Li et 
al., 2009).  TA loci are not limited to plasmid genomes; instead these operons are 
ubiquitous in free living bacteria (including Archaea); although their physiological 
functions are not well understood, a growing body of evidence suggests a stress response 
role (Gerdes et al., 2005).  Experimental manipulation of E. coli has demonstrated that 
amino acid starvation leads to upregulation of a type II toxin similar to RelE (MazF) that 
inhibits general protein synthesis in the cell and can lead to programmed cell death (PCD) 
(Christensen et al., 2003).  Other studies of relBE loci have reported similar findings; 
where during starvation the antitoxin (RelB) undergoes proteolytic degradation by Lon 
peptidase.  The destruction of the antitoxin results in unbound (free) RelE toxin, which in 
turn leads to a systemic shutdown of translation and cell processes (Makarova et al., 
2009).  However, these are bacteriostatic conditions which can be rapidly reversed if the 
stressor is removed prior to cell death (Christensen and Gerdes, 2004).  
The relBE operon has not been described in cyanobacteria, although intact loci 
such as those identified in the Microcystis strains identified in this study may serve 
similar cellular stress response functions.  Whether or not these proteins provide nontoxic 
strains with comparable benefits as microcystins remains unclear, although the wide 
distribution of these genes is compelling enough to warrant further investigation.  In the 
case of nutrient limitation, programmed cell death induced by the RelE toxin could 
altruistically create a positive feedback loop providing critical nutrients sustaining algal 
blooms which would otherwise collapse without continuous recycling.  Little is known 
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about the drivers of cell death in cyanobacteria, with most research indicating that 
caspases are the major drivers of cell senescence (Jiang et al., 2010; Bouchard et al., 
2011).  The identification of conserved TA loci across several geographically distinct 
Microcystis strains may indicate an alternative method of programmed cell death in 
cyanobacteria.  On the contrary, the M. aeruginosa NIES-843 genome was observed to 
contain a relB antitoxin homologue but not the toxin counterpart (Figure 5.3).  The 
presence of the antitoxin may provide the cell resistance to relBE containing plasmids, 
essentially functioning as an anti-addiction module, which in that case could suggest that 
these genes are actually more detrimental than beneficial to the cell (Saavedra de Bast et 
al., 2008).  The presence of a 104 bp IS element interrupting the relE toxin gene in 
Microcystis sp. OS13 may provide a clue as to how strains such as NIES-843 may evolve 
to contain only an antitoxin gene, such as relB, if the transcription of the toxin gene is 
inactivated by the IS element (Figure 5.4). 
Conclusions 
The long PCR assays and shotgun cloning procedures used in this study allowed 
rapid, large scale screening of the microcystin synthetase genes and flanking regions in 
Microcystis spp.  This process identified novel IS elements and transposases between 
dnaN – mcyJ and mcyC – uma1 in toxigenic strains; and in nontoxic strains, several 
previously undescribed ORFs encoding putative metalloproteases of unknown function 
and two conserved hypothetical ORFs which may be involved in cyanophage viral coat 
or capsid synthesis.  The possibility that these proteins are involved in plasmid mediated 
transfer of transposons containing part or all of the mcy operon remains unclear.  
Likewise, the presence of conserved hypothetical ORFs that may be involved in viral 
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replication suggests that gene transfer by transduction of a lysogenic cyanophage also 
cannot be ruled out.  Although the mode of transport (naked DNA, virus or plasmid) 
remains uncertain, the identification of a partial mcy operon in two unique strains of 
Microcystis sp. based on a comparison of their mcyBC genes and 16S-23S rDNA ITS 
regions suggests that these genes were acquired via lateral gene transfer, as opposed to 
being all that remains following gene deletion(s) of the rest of the mcy cassette.  
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Table 5.1: Results of microcystin synthetase (mcy) specific long PCR assays (+ denotes positive amplification; - denotes no 
amplification) and each culture‟s relative toxicities (total microcystins (µg l-1) relative to total chl a (µg l-1)) based on ELISA  
Strain Organism 
MC/Chl-a 
(µg µg-1) 
dnaN -
mcyJ 
mcyJ -
mcyG 
dnaN -
mcyG 
mcyG -
mcyD 
mcyD -
mcyA 
prom -
mcyB 
mcyB -
uma4 
mcyB -
mcyC 
mcyC -
uma1 
dnaN -
uma1 
mcyB 
only 
mcyE 
only 
CPCC 064 An. flos-aquae 0.0 NT - - - - - - - - - - - 
CPCC 124 M. aeruginosa 0.0 NT - - - - - - - - - - - 
CPCC 299 M. aeruginosa 11.7 + + + + + + + + + NT + + 
CPCC 461 M. flos-aquae 0.0 NT - - - - - - - - - - - 
NIES-843 M. aeruginosa 29.0 + - + + + - - + ‡ NT + + 
N-C 118-2 Microcystis sp. 16.9 ‡ + + - + + - - - NT + + 
PCC 6506 L. kuetzingii 0.0 NT - - - - - - - - - - - 
PCC 7005 M. aeruginosa 0.0 NT - - - - - - - - ‡ - - 
PCC 7806 M. aeruginosa 9.9 + + + + + + + + + - + + 
PCC 7813 M. aeruginosa 40.6 ‡ + - + - + - + + NT + + 
PCC 7820 M. aeruginosa 14.8 + + + + + + + + + NT + + 
PCC 7821 P. agardhii 35.7 - - - - - - - - - NT + + 
PCC 7310.2 N. punctiforme 0.0 NT - - - - - - - - NT - - 
PCC 7941 M. aeruginosa 2.3 + + - - + + - + + NT + + 
UTEX 2385 M. aeruginosa 12.9 + + - + + + - + + - + + 
UTEX 2386 M. aeruginosa 0.0 - - - - - - - - - ‡ + - 
UTEX 2558 An. flos-aquae 0.0 - - - - - - - - - - - - 
UTEX B 2661 M. aeruginosa 0.0 NT - - - - - - - - - - - 
UTEX B 2663 M. aeruginosa 7.1 + + + + + + + + + NT + + 
UTEX B 2666 M. aeruginosa 8.7 + + - - + + - + + NT + + 
UTEX B 2667 M. aeruginosa 29.6 + + + + + + + + + NT + + 
IMS-009 Nodularia sp. 0.0 NT - - - - - - - - NT - - 
IMS-015 Nodularia sp. 0.0 NT - - - - - - - - NT - - 
IMS-770 An. lemmermannii 0.0 NT - - - - - - - - NT - - 
IMS-800 Anabaenopsis sp. 0.0 NT - - - - - - - - NT - - 
IMS-870 Aph. issatschenkoi 0.0 NT - - - - - - - - NT - - 
UTK-OS2 Microcystis sp. 0.0 NT - - - - - - - - + - - 
UTK-OS3 Microcystis sp. 0.0 NT - - - - - + + ‡ ‡ + - 
UTK-OS5 Microcystis sp. 0.0 NT - - - - - - - - + - - 
UTK-OS6 Microcystis sp. 0.0 NT - - - - - - - - + - - 
UTK-OS8 Microcystis sp. 0.0 NT - - - - - - - - + - - 
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UTK-OS9 Microcystis sp. 0.0 NT - - - - - - - - + - - 
UTK-OS11 Microcystis sp. 0.0 NT - - - - - - - - + - - 
UTK-OS12 Microcystis sp. 0.0 NT - - - - - - - - + - - 
UTK-OS13 Microcystis sp. 0.0 NT - - - - - - - - - - - 
UTK-PR1 P. rubescens 56.6 - - - - - - - - - NT + + 
UTK-PR2 P. rubescens 46.6 - - - - - - - - - NT + + 
UTK-PR3 P. rubescens 37.0 - - - - - - - - - NT + + 
UV 027 M. aeruginosa 53.1 + + + + + + + + + NT + + 
UTK-PA1 P. agardhii 0.0 NT - - - - - - - - - - - 
LE-3 M. aeruginosa 69.6 ‡ + - + - - - + + NT + + 
LE-4 P. agardhii 0.0 NT - - - - - - - - - - - 
  NT = not tested 
               ND = none detected 
                  ‡ = positive amplicon, but larger due to IS element 
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Table 5.2: PCR primers and optimal annealing temperatures (TA) used in this study. 
Group (A) corresponds to long PCR assays and group (B) to conventional PCR assays. 
 
Primer Sequence (5' - 3') TA (°C) Reference 
A. dnaN-F GCAAACAGTTAATCCGTTGTTTG 62 This study 
 
mcyA-R CGGTATTCSYCCAACAATCC 62 This study 
 
mcyB-F TGGSAAGATGTTCTTCAGGTATCCAA 64 Nonneman, 2002 
 
mcyB-R GAGRGTGGAAACAATATGATAAGCTAC 62 Nonneman, 2002 
 
mcyC-R TTACGACTGTTTTGGGTTGAGAA 62 This study 
 
mcyC-F ATTCGTGCTGAGGGAAACTATG 62 This study 
 
mcyD-F ATTGAAACGCTTGCTCAGARG 62 This study 
 
mcyD-R CTTTTCTTCTGCGGCTGTYATCC 62 This study 
 
mcyG-F GGCAATTGWTSGAYTTTAGAGG 62 This study 
 
mcyJ-F TTTCTCTTACCCAGAGTAAATCCT 62 This study 
 
mcyJ-R GGGTTTCGGTTTTGCTGAA 62 This study 
 
mcyG-R GGGTGGCAAGTTATCTCAGTTAAT 62 This study 
 
Prom-F TTTAYGGGGTSTGGCATC 62 This study 
 
uma1-R GAGAATTACGGCAAAAATCGAC 62 This study 
 
uma4-R GCTCTTCGGGAATTGTTATGC 64 This study 
B. relE-R AAGCTGCTGCTGCAATCAATA 62 This study 
 
relB-F TAAACAGATCTGAATGAGTCCCAGT 62 This study 
 
A/B-Fold-F GCAGCAAATTCTAGGATTAGAG 61 This study 
 
A/B-Fold-R GCTATAAGCTTGCAGGAACTC 61 This study 
 
B-Lact-F AGTTTATGCCAGTGAGGTGAC 61 This study 
 
B-Lact-R GTAAAATGATCGGAGTGGTTC 61 This study 
 
mcyA-Cd-1R AAAAGTGTTTTATTAGCGGCTCAT 59 Hisbergues, 2003 
 
mcyA-Cd-1F AAAATTAAAAGCCGTATCAAA 59 Hisbergues, 2003 
 
mcyE-F2 GAAATTTGTGTAGAAGGTGC 60 Rantala, 2004 
 
MicmcyE-R8 CAATGGGAGCATAACGAG 60 Vaitomaa, 2003 
 
mcyB-F TTCAACGGGAAAACCBAAAG 58 Dyble, 2008 
 
mcyB-R CYTGATTATCAATSCGYCCT 58 Dyble, 2008 
 
mcyC(walkP1) ATTCGTGCTGAGGGAAACTATG 61 This study 
 
CYA359F GGGGAATYTTCCGCAATGGG 60 Nübel, 1997 
 
CYA781R GACTACTGGGGTATCTAATCCCATT 60 Nübel, 1997 
 
CSIF GYCACGCCCGAAGTCRTTAC 61 Janse, 2004 
 
ULR CCTCTGTGTGCCTAGGTATC 61 Janse, 2004 
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Table 5.3: Predicted and observed number of clones required for building contigs based 
on Clarke-Carbon formula. Sequence reads from the clones had an average length of 749 
bp. 
     
Primers 
Contig 
Size (bp) 
Predicted Clones 
Required 
Actual Clones 
Required* 
Actual P 
dnaN-F + mcyG-R 12338 111 90 0.9965 
mcyG-F + mcyD-R 12825 115 101 0.9976 
mcyD-F + mcyA-R 12983 117 104 0.9979 
Prom-F + mcyB-R 12111 106 80 0.9939 
mcyB-F + uma4-R 13296 116 139 0.9997 
* Assumes each clone produced usable forward and reverse sequence reads 
Total sequences = 1728 
   Total usable sequences = 1344 
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Figure 5.1: Variation within the genomic regions flanking the microcystin synthetase gene operons (mcyABC and 
mcyDEFGHIJ) and locations of insertion sequence (IS) elements (dotted lines) in toxigenic and nontoxic strains of Microcystis 
spp., where: a) M. aeruginosa PCC 7806 (AF183408); b) M. aeruginosa NIES-843 (AP009552); c) M. aeruginosa PCC 7813; 
d) M. aeruginosa UTEX 2386; e) M. aeruginosa PCC 7005; f) Microcystis sp. OS3; g) M. aeruginosa NIES-98 (AB254435); 
h) M. aeruginosa B-19 (AB254434). *Figure not drawn to scale.
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Figure 5.2: Bayesian inference of phylogeny for the 16S-23S rDNA Internal Transcribed Spacer 
(ITSc) sequences from all Microcystis spp. strains (n = 28) screened based on a GTR model with 
gamma distributed rate variation. Scale bar corresponds to 0.1 changes per nucleotide. *Denotes 
microcystin-producing strains.
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Figure 5.3: (a) Schematic drawn to scale of Microcystis sp. OS3 contig containing uma1-like inverted repeats on the distal ends 
as well as two pairs of TA loci (yeFM/yoeB and relE/relB); (b) GC composition (%) of OS3 contig; (c) Diagram of 
homologous genes identified in model organism M. aeruginosa NIES-843 and their disparate chromosomal locations in that 
strain; (d) Nucleotide table of insertion sequence (IS) elements identified in the OS3 contig. 
 
  
 
1
2
1 
Figure 5.4: Amino acid translation of relB (antitoxin) and relE (toxin) genes from five different Microcystis sp. strains.  Top 
lines denote full protein translation sequence with start and stop codons originally identified by shotgun sequencing the uma1 
amplicon in OS3. The sequences below the lines were derived from sequencing conventional PCR amplicons generated by the 
TA-Mod-FR primer set, which were slightly truncated due to primer design constraints. M. aeruginosa OS13 contained a104 
bp insertion sequence (ISMae24) within the relE gene in which its nucleotide sequence is given since no start codon was 
identified. Note: codons were based on the Bacterial Genetic Code (NCBI Translation Table 11), relB was translated in the +3 
frame and relE in the +2 frame. 
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Figure 5.5: Predicted protein structures for the toxin-antitoxin genes identified in this 
study based on the translated amino acid sequences for these genes, where: (a) RelE 
(toxin); (b) RelB (antitoxin); (c) YoeB (toxin); (d) YeFM (antitoxin) 
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Figure 5.6:  Multiple pairwise nucleotide alignments of mcyBC genes from M. 
aeruginosa PCC 7806 (AF183408), M. aeruginosa NIES-843(AP009552) and the two 
Microcystis sp. strains (OS3 and OS10) identified to contain partial mcy operons that 
were amplified by the mcyB-F + mcyC-R primers and shotgun sequenced.  Note: overall 
the four sequences share 94.2% sequence identity; and OS3 and OS10 mcyBC genes 
contain considerable nucleotide differences suggesting these are two separate strains of 
Microcystis. 
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Figure 5.7: Multiple pairwise nucleotide alignments of an ISMae36-like transposase 
located between uma4 and uma5 in model strain M. aeruginosa PCC7806 and from an 
ISMae36-like transposase characterized by uma4-like inverted repeats on its distal ends 
from Microcystis sp. strains OS3 and OS10. 
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Figure 5.8: Total genomic DNA extracted from the partial mcyBC containing Microcystis 
sp. OS3 culture and run in duplicate through a 1% agarose gel, stained with EtBr and 
viewed under UV260 light. The bands at 1 kb and 1.5 kb are suspected plasmids (uncut), 
whereas „H‟ indicates high molecular weight DNA. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Chapter 6:  
Concluding Remarks 
 
Cyanobacterial toxins are a growing concern worldwide due to their near ubiquity 
in temperate and tropical waters, stable nature and ability to induce a range of negative 
health effects in eukaryotic organisms.  Global climate change, particularly rising 
temperatures and increasing atmospheric CO2, cultural eutrophication and continued 
expansion of the built environment which alters the natural hydrology of aquatic 
ecosystems, are all expected to lead to an increase in the prevalence and severity of 
cyanobacterial harmful algal blooms (CHABs).  For most of the major freshwater 
cyanotoxins (i.e., anatoxin-a, cylindrospermopsin, microcystin and saxitoxin), the science 
has been advanced sufficiently to allow proactive management of these risks in drinking 
waters.  There will always be some degree of “pushback” due to economic constraints 
stemming from the burden of routinely monitoring additional contaminants.  Until the 
Environmental Protection Agency mandates action, there is a real need for individuals 
and groups to advocate for the management of cyanotoxins in drinking waters in order to 
safeguard the public‟s health.  This may require some ingenuity and a little creativity, 
particularly since every water body is unique in its own way (e.g., trophic status, sources 
of nutrient inputs, endemic phytoplankton community, hydrology, needs of water users, 
etc.).   
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Instead of a “one-size-fits-all” approach, water safety plans may need to be 
developed for specific water bodies, or at least for different types and sizes.  Tables 6.1, 
6.2 and 6.3 provide an illustrative example of what this variable approach might look 
like.  For systems that routinely experience nontoxic cyanobacterial blooms, following a 
reasonable period of intensive monitoring (e.g., 2 – 3 years) in order to fully characterize 
the toxin potential of the genera present, these water bodies could then qualify for 
reduced sampling (e.g., monthly or when cell counts exceed 10
5
 ml
-1
).  In the long term 
this would ensure the integrity of the drinking water, while simultaneously limiting the 
costs involved with sampling or continually employing advanced water treatment 
processes (e.g., filtration through activated charcoal) when the health threats are not 
present.  A key component to any water safety plan will be the determination of the 
cyanotoxin removal rates for each individual water utility.  This information will be used 
to determine an action threshold indicating when advanced water treatment processes are 
required.  For example, if a utility‟s normal water treatment process is demonstrated to 
remove 90% of microcystins, then anytime the microcystin content at the reservoir off-
take site exceeds 10 µg l
-1
 auxiliary treatment would immediately be implemented in 
order to reduce microcystins below the World Health Organization‟s guideline value of 1 
µg l
-1
.  Enzyme linked immunosorbent assays (ELISA) are available for all of the toxins, 
except anatoxin-a; they are relatively cheap, rapid and reliable indicators of the toxin 
content of a given water sample.  At least in the near term, most water utilities will need 
to rely on contract laboratories to conduct anatoxin-a analyses; this is largely due to the 
small size of these molecules which to date has precluded the use of antibody binding 
technologies such as ELISA.  As a result, most anatoxin-a analyses are conducted using 
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high performance liquid chromatography (HPLC) or liquid chromatography – mass 
spectrometry (LC-MS) based techniques; which involve instrumentation that most water 
utilities lack access to.   
In this study, a tailored water safety plan was developed for hypertrophic Lake 
Taihu, China.  Unfortunately, the specific microcystin removal rate for the Wuxi city 
water treatment facility remains unknown.  This is a key piece of information that in the 
future will need to be resolved in order to more accurately measure the true exposure risk 
for individuals consuming treated lake water.  The approaches described within this body 
of work can be applied to a variety of aquatic ecosystems in order to develop similar 
water quality management programs.  It is important to note, however, that the greatest 
safe guard of public health is also the most cost effective option; reducing or eliminating 
CHAB events in waters used for human consumption.  Considering that there are 
continually new toxins being identified that are produced by myriad cyanobacterial 
genera, the only way to be sure of their absence in finished drinking waters is to reduce 
the anthropogenic impacts on surface waters.  These impacts include the damming of 
lakes and rivers for hydroelectric power, the overapplication of chemical fertilizers, 
increased surface runoff due to ever-expanding impervious surfaces, and of course; direct 
discharges of sewage and industrial waste into our waterways.  It is important to 
understand that lakes and rivers do not become eutrophic overnight; it is the culmination 
of decades of unchecked nutrient pollution that drives cyanobacterial dominance of these 
systems.  Likewise, it is unrealistic to think that we can engineer our way out of the 
situation.  Eutrophication is a biological problem, and as such, remediation efforts 
implemented today may take years before notabe water quality improvements are 
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observed.  Luckily, advanced water treatment options are available to ensure the integrity 
of our drinking waters in the interim, but most would agree that this should not be our 
long term solution to these problems. 
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Table 6.1 Proposed system for coding and categorizing the CHAB impact of a given water body; to be used in the creation of 
tailored water quality management programs 
Impact 
Level  
CHAB  
(cells ml
-1
) Common Cyanobacterial Harmful Algal Bloom (CHAB) Forming Genera 
0 1 - 10
2
 A = Anabaena (1,2,3,5) (+/-) (B/P) I = Nodularia (4) (+/-) (B/P) 
1 10
2
 - 10
3
 B = Anabaenopsis (3) (+/-) J = Nostoc (3) (+/-) (B/P) 
2 10
3
 - 10
4
 C = Aphanizomenon (1,2,3,5) (+/-) K = Oscillatoria (1,2,3,5) (+/-) (B/P) 
3 10
4
-10
5
 D = Aphanocapsa (3) (B/P) L = Phormidium (1,3) (+/-) (B/P) 
4 10
5
-10
6
 E = Cylindrospermopsis (1,2,3,5) (+/-) M = Planktothrix (1,3,5) (B,P) 
5 > 10
6
  F = Gloeotrichia (3) (+/-) (B/P) N = Pseudoanabaena (3) (B/P) 
  
G = Lyngbya (1,5) (+/-) (B/P) O = Raphidiopsis (1,2) (B/P) 
    H = Microcystis (1,3) P = Woronichinia (1,3) 
 
Where : 1 = anatoxin-a (ANTX) 
 
  
2 = cylindrospermopsin (CYL) 
 
  
3 = microcystin (MC) 
 
  
4 = nodularin (NOD) 
 
  
5 = saxitoxin (SXT) 
 
  
(+/-) indicates the presence or absence of heterocysts in N2-fixing genera 
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Table 6.2 Matrices of hypothetical impacted waters sub-divided by type, size and trophic status (Carlson Index) and the 
recommended management response based on the CHAB genera present and their relative densities. Phytoplankton codes 
correspond with Table 6.1, where the number indicates the impact level based on cell counting; the upper case letters denote 
which genera correlate with the impact level, + or – indicates the presence or absence of heterocysts and lower case letters (b 
and p) whether the cells are benthic or pelagic. 
Trophic Status Lakes/Reservoirs (size) Rivers (flow) 
  Small Medium Large Small Medium Large 
Chl a (µg l
-1
) or Secchi Depth (m) (<10 km
2
) (10-10
2
 km
2
) (>10
2
 km
2
) (<10
2
 m
3
s
-1
) (10
2
-10
3
 m
3
s
-1
) (>10
3
 m
3
s
-1
) 
Oligotrophic (0 – 2.6 µg or > 4 m) 3C(+)           
Mesotrophic (2.6 - 20 µg or 2 - 4 m)   
 
  
 
5I(-b)   
Eutrophic (20 - 56 µg or 0.5 - 2 m)   
 
  
  
  
Hypertrophic (> 56 µg or < 0.5 m)     4H/1A(-p)       
Recommendations based on hypothetical ecosystems and CHAB genera 
   
3C(+) Dominance by N2-fixing Aphanizomenon (heterocysts present) indicate N is limiting and P is in excess. 
Recommend reducing P inputs. Artificial destratification or flushing (reducing lake residence time) may provide short-
term improvements. Perform toxin analyses for ANTX, CYL, MC and SXT. If source water contains greater than 10 µg 
l
-1
 of any toxin, recommend coaggulation + DAF followed by oxidative disinfection, then measure toxins again. If any 
remain greater than 1 µg l
-1
, auxillary treatment (GAC/PAC) is required. 
 
4H/1A(-p) Dominance by non-diazotrophic Microcystis and the presence of Anabaena without heterocysts indicate N is 
replete. Reducing N & P inputs should produce positive effects. Perform toxin analysis of MCs, if greater than 10 µg l
-1
 
recommend coaggulation + DAF followed by oxidative disinfection then measure again. If MCs remain greater than 1 µg 
l
-1
, auxillary treatment (GAC/PAC) is required. 
 
5I(-b) High concentrations of benthic Oscillatoria without heterocysts indicate that there is an overabundance of N & P. 
Recommend reducing N & P inputs. No engineering option available for short-term remediation. Perform toxin analyses for 
ANTX, CYL, MC, SXT. If source water contains greater than 10 µg l
-1
 recommend coaggulation + DAF followed by oxidative 
disinfection, then measure toxins again. If any remain greater than 1 µg l
-1
, auxillary treatment (GAC/PAC) is required. 
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Table 6.3 List of variables which can be targeted to remediate CHAB impacted waters at immediate, short and longterm scales. 
Remediation Options     
Drinking Water Treatment Engineering Biological 
Coaggulation (short-term) (long-term) 
Sedimentation Residence time Nitrogen 
Dissolved air floatation (DAF) Stratification Phosphorus 
Oxidation (O3 > MnO4
-
 > HOCl > ClO2 > NH2Cl) Light Riparian buffers 
Graunlar activated charcoal (GAC) Sediments Submerged aquatic vegetation 
Particulate activated charcoal (PAC) Temperature Zooplankton 
Toxin screening Chemical lysis Fishes 
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